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1. INTRODUCTION
What are coastal wetland ecosystems, what are their limits of distribution, and where do
they exist in the overall coastal landscape? There are several general deﬁnitions for wetlands,
but the Ramsar deﬁnition is likely the most broadly encompassing (http://www.ramsar.
org/), whereas others are more focused deﬁnitions tailored to country-speciﬁc protection
and management policies (Mitsch and Gosselink, 2006). We offer a very general approach
rather than a precise deﬁnition: coastal wetlands are ecosystems that are found within an
elevation gradient that ranges between subtidal depths where light penetrates to support
photosynthesis of benthic plants to the landward edge where the sea passes its hydrologic
inﬂuence to groundwater and atmospheric processes. At the seaward margin, bioﬁlms,
benthic algae, and seagrasses are representative biotic components. At the landward margin,
vegetation boundaries range from those located on groundwater seeps or fens in humid
climates to relatively barren salt ﬂats in arid climates.
Tidal wetlands are a critical component of the coastal ocean landscape, which consists of a
continuum of landscape elements or ecosystems stretching from where rivers enter the
coastal zone, through the estuary, and onto the continental shelf (Fig. 1.1). In addition to tidal
wetlands, the coastal ecosystems include seagrass meadows, rivers, tidal creeks, estuarine
waters and unvegetated subtidal bottoms, tidal ﬂats, coral reefs, and continental shelf
y
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FIGURE 1.1 The coastal ocean landscape highlighting a tidal wetland-dominated estuary and its linkages to the
adjacent watershed/river, the continental shelf, and the open ocean. Arrows illustrate key hydrologic and material
exchanges between the various landscape elements.

waters and bottoms. Quite often there are extremely sharp transitions between landscape
elements in the coastal zone, for example, between open water and marsh, marsh and
uplands, and seagrass and mangroves (Fig. 1.2A and B). Groundwater (freshwater draining
from uplands) is another source of upland-derived waters and materials. The exchange and
mixing of water and materials entering from rivers and the ocean deﬁnes the overall structure and distribution of landscape elements. The distribution and deposition of sediments
from land and the ocean establishes the overall bathymetry. Bathymetry in combination
with tidal range and the spatial gradient in salinity are the primary determinants
of ecosystem distribution within the coastal ocean landscape. Emergent and submerged
vegetation, once established, exert an ecogeomorphic feedback on the fate of river and ocean
sources of various materials. For example, vegetation slows the movement of water,
promotes the settling of sediment particles, and accelerates estuarine inﬁlling and tidal
wetland expansion and accretion.
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FIGURE 1.2 Examples of transitions and interactions between adjacent landscape components. Sharp transitions
are typical across the coastal landscape (A) between the tidal salt marsh and the upland forest (Virginia Coast
Reserve, USA) and (B) between seagrass and mangroves (Palau). Impacts in one landscape component can adversely
affect adjacent components; for example, excess N-enrichment has led to (C) the invasion of ferns in the Mai Pai
mangroves (Hong Kong) and (D) the accumulation of plant litter on the mangrove sediment surface. Compare the
accumulation of litter here with the absence of litter in healthy mangroves shown in Fig. 1.8 HeJ.

The movement of water links all the coastal ocean ecosystems and promotes the
exchange of materials between them, thereby increasing the productivity of individual
ecosystems and the entire system. The tidal wetlands serve as a valuable ﬁlter of
watershed-derived materials, such as nitrogen, which lessens the potential for estuarine
N-enrichment and eutrophication (Hopkinson and Giblin, 2008). Tidal wetlands also are
an important source of organic carbon for estuarine and nearshore ecosystems, enhancing
their secondary production including important coastal ﬁsheries. The outwelling of organic
matter from coastal wetlands and its importance in subsidizing secondary production was
one aspect of coastal ecosystem linkages ﬁrst studied (Odum and Heald, 1972, for
mangroves; Odum, 1980, for saltmarshes, but also see Odum, 1985). Other connections
that have been documented include biomass transfer by water currents of plant litter
between different components of the coastal ecosystem (De Boer, 2000), the acceleration
of organic matter and nutrient transfer by migrating ﬁsh and shrimp that use different
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ecosystems in different stages of their life and during different times of the day or season
(Deegan, 1993; Mumby et al., 2004), and the protection that tidal wetlands offer to seagrass
and coral reefs by trapping riverine nutrients and sediments, thereby enhancing water
clarity (Wolanski and Elliott, 2015).
Inputs of freshwater from groundwater and upstream tidal freshwater wetlands
can mitigate the effects of watershed drought by slowly releasing freshwater that ward
off estuarine hypersalinity. This is the case, for instance, of freshwater tidal wetlands
adjoining mangroves in Micronesia. There the mangroves were spared the stress of hypersalinity during a severe El Nino drought because the supply of freshwater from groundwater and the freshwater tidal wetlands continued 6 months into the drought even after
the watercourses had dried (Drexler and Ewel, 2001; Drexler and de Carlo, 2002).
On the negative side, this connectivity between coastal ocean ecosystems can lead to the
degradation of the whole ecosystem if one component has been severely impacted by
human activities. For example, the destruction of coastal wetlands can lead to a degradation
of adjacent seagrass and coral reefs in coastal waters (Duke and Wolanski, 2001). As another
example, a degraded estuary can in turn degrade adjoining coastal wetlands. For instance,
the discharge of treated sewage from more than one million people in the small bay draining the Mai Po mangrove reserve in Hong Kong has resulted in an excess of nutrients in the
bay waters and sediment. Ferns and weeds have invaded the substrate of these mangroves
(Fig. 1.2C). There is so much plant litter that the detritivores cannot consume it all
(Fig. 1.2D; Lee, 1990); the thick fern vegetation along the banks prevents the ﬂushing of
this plant litter; the plant litter accumulates and decays, releasing hydrogen sulphide
(H2S), which in turn further reduces the crab population, which stresses the mangrove trees
by inhibiting the aeration of the soil and the ﬂushing of excess salt from the soil. The
stressed trees generate less tannin (Tong et al., 2006), and borers use this weakness to attack
the trees, resulting in stunted tree growth (Wolanski et al., 2009; Wolanski and Elliott, 2015).
The coastal landscape continues to evolve, especially in response to human activities that
alter the magnitude and timing of water and material inputs from watersheds and
contribute to climate change, including sea level rise (SLR). Saltwater intrusion is shifting
the distribution of estuarine and tidal wetland ecosystems upstream, and SLR is causing
tidal wetlands to transgress upland regions.
This book focuses on commonly recognized ecosystems along this hydrologic gradient:
seagrass meadows, intertidal ﬂats, tidal saltmarshes, mangrove forests, and tidal freshwater
wetlands. Coral reefs are not covered at all because they are so physically and biologically
distinct from the foregoing list, as well as in part because they have received research attention equivalent to the totality of all of the wetlands covered in this book (Duarte et al., 2008).
Little direct reference is made in this book to lagoons that are intermittently connected to the
sea; regardless, all ﬁve of the ecosystem types can and do occur in these and other more
specialized geomorphic settings. They would all comprise the array that we recognize as
coastal wetlands.
This book addresses the pressing need to quantify the ecological services provided by
coastal wetlands as a tool to guide better management and conservation worldwide because
coastal wetlands are disappearing worldwide at an alarming rate; in some countries the loss
is 70%e80% in the last 50 years (Frayer et al., 1983; Duarte, 2002; Hily et al., 2003; Bernier
et al., 2006; Duke et al., 2007; Wolanski, 2007).
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In this section we provide an overview of the structure and functioning of coastal wetlands
with emphasis on key forces and processes that interact with their coastal geographic
location. It is difﬁcult to discuss these forces in isolation because, for example, climate change
inﬂuences sea level, sea level forces changes in vegetation structure, disturbance, and herbivory affect vegetation, and so forth. As such, comparison across major ecosystem types can
provide insight into the differences and the relative importance of both extrinsic forces and
intrinsic structure. We also discuss the role of modeling in elucidating the relative importance
of key processes and in predicting the effects of alteration by humans. This last effect presents
us with challenges of how to best protect and manage coastal wetlands for their attributes of
life support and, importantly, for their contribution to esthetic and cultural values. To this
end, we outline key research needs that recognize the usefulness of working beyond “single
factor cause and effect.”

2.1 Geography
Coastal wetlands include seagrass meadows, intertidal ﬂats, tidal saltmarshes, mangrove
forests, and tidal freshwater wetlands. They are found in six continents and all but extreme
polar latitudes. Cliffs and rocky shores are probably the only coasts with minimal wetlands.
Worldwide, wetlands are heavily impacted by increasing population and coastal development. The area occupied by wetlands has been greatly reduced over the past 100 years
and it will likely decrease substantially throughout the 21st century as population pressure
and the rate of SLR accelerate. There is considerable uncertainty in estimates of the global
area covered by all tidal wetlands. Much of the uncertainty is the result of insufﬁcient detail
in satellite imagery (e.g., 1 km) and the integration of disparate and incompatible geospatial
and statistical data sources (FAO, 2007). Consistent utilization of the US Geological Survey
(USGS) compiled Landsat archive, which is now freely available, could likely decrease the
uncertainty in estimates that are currently in the literature.
Estimates of mangrove cover differ widely, from about 80,000 km2 to about 230,000 km2
worldwide (Diop, 2003; Duke et al., 2007). One of the most recent estimates, based on 30 m
resolution Landsat imagery, is 137,760 km2 (Giri et al., 2011). Using a slightly different approach,
however, Hamilton and Casey (2016) estimate global mangrove area of only 83,495 km2. The
largest extent of mangroves is in Indonesia, and about 75% are located in just 15 countries
(Giri et al., 2011). Although the greatest distribution is between 5 N and 5 S, mangroves extend
from 31 200 N to 38 590 S (Fig. 1.3). The distribution is controlled by the combination of continental (no frosts or only very rarely, typically less than 1 frost every 10 years; Lugo and Patterson
Zucca, 1977) and oceanic climates (warm waters; Duke et al., 2007). Recent compilations estimate global saltmarsh area at about 54,950 km2 (Mcowen et al., 2017) The area of saltmarshes
in Canada and the United States alone is about 19,600 km2 according to Chmura et al. (2003)
and 20,000 km2 according to Mcowen et al. (2017). Large areas of saltmarshes
(w7000e13,000 km2) might also exist in northern Russia and Australia (Mcowen et al. (2017).
Saltmarshes are also found scattered in the mangrove belt, usually in the upper intertidal areas
landward of mangroves. Seagrasses cover was most recently estimated to be 177,000 km2
worldwide (Green and Short, 2003; Waycott et al., 2016), ranging from at least 165,000 km2
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FIGURE 1.3 World distribution of mangroves (shaded areas along tropical and subtropical shorelines) and the
approximate distribution of coasts that follow one of three relative sea level trajectories for the past 10,000 years. Zone
A has seen a continual rise, zone B experienced a more rapid rise initially followed by a slow decrease in SL, while
zone C experienced a continued decrease in sea level primarily as a result of tectonic activity and rebounding from
glacial coverage. Redrawn from Ellison, J., 2009. Geomorphology and sedimentology of mangroves. In: Perillo, G.M.E.,
Wolanski, E., Cahoon, D.R., Brinson, M.M. (Eds.), Coastal Wetlands: An Integrated Ecosystem Approach. Elsevier, Amsterdam. 565e591 and adapted from; Woodroffe, C.D., 1992. Mangrove sediments and geomorphology. In: Robertson, A.I., Alongi,
D.M. (Eds.), Tropical Mangrove Ecosystems. American Geophysical Union, Washington D.C. 7e42; Pirazzoli, P.A., 1996. Sea
Level Changes: The Last 20 000 Years. J Wiley & Sons, Chichester; Lambeck, K., Woodroffe, C.D., Antonioli, F., Anzidei, M.,
Gehrels, W.R., Laborel, J., Wright, A.J., 2010. Paleoenvironmental records, geophysical modelling, and reconstruction of sea
level trends and variability on centennial and longer timescales. In: Church, J.A., Woodworth, P.L. Aarup, T., Wilson, W.S.
(Eds.), Understanding Sea Level Rise and Variability, Wiley-Blackwell, Chichester, 61e121. See Chapter 20.

up to 600,000 km2 (Nellemann et al., 2009a; Hopkinson et al., 2012). The worldwide area of tidal
ﬂats and freshwater coastal wetlands seems unknown, though back-of-the-envelope estimates
suggest that they may reach 300,000 km2.

2.2 Geomorphic Evolution Under Past Climate Change: How Present Coastal
Wetlands Came to Be
Wetlands continuously evolve in time and space. The story of present-day coastal wetlands starts 120,000 years ago, which is an interglacial period that lasted about 15,000 years
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and when the mean sea level (MSL) was at a level comparable with the present one
(Fig. 1.4A). Where natural conditions allowed, wetlands existed in refugia with a less biodiverse ﬂora than at present (DiMichele, 2014). The human population was tiny at that
time and had a negligible impact on the evolution of the coastal wetlands.
Then came a 100,000-year-long ice age that buried much of the present temperate coasts
and continental shelves (although mostly concentrated in the Northern Hemisphere) under
hundreds of meters, sometimes several kilometers, of ice. Water was taken away from the
ocean and stored on the continents. As a result, the MSL decreased and was at its lowest,
about 120 m below the present MSL, about 20,000 years ago (Fig. 1.4A). At that time, coastal
wetlands would only have existed along those coasts that were not buried by permanent ice,
mainly along the then “tropical” belt. Even there the coastal wetlands could only have existed
on the upper continental slope, which is where at that time the sea met the land (Fig. 1.5).
Because the inclination of the continental slope is much steeper than the continental shelf
where the coastal wetlands are now located, the space for accommodating coastal wetlands
would have been very limited. At that time (20,000 years ago), the area occupied by coastal
wetlands would have been much smaller and in many cases restricted to estuaries that developed along present-day submarine canyons (Perillo, 1995). Taking all of this into account,
coastal wetlands would have occupied perhaps as little as 5% of the area covered just prior
to human alterations.
Then, 20,000 years ago, came a period of rapid change for coastal wetlands. In response to
melting of the glaciers, sea surface height rose rapidly, much faster than it fell during the previous 100,000 years (Fig. 1.4A) (Kemp et al., 2011). Absolute sea level rose rapidly until about
6000 years ago and then continued to rise slowly, for most of the world’s oceans, until the
mid-1800s (Fig. 1.4B). With the exception of equatorial regions, the absolute rate of SLR
decreased to less than 0.4 mm year1 (Fig. 1.4C). From the perspective of coastal systems
and tidal wetlands, it is not only the sea surface height that affects water level but also
changes in land elevation. Compression of the land by the weight of glaciers, subsidence
of the land by the weight of overlying sediments or sinking because of the subsurface extraction of oil and gas, and tectonic activity can also affect the relative sea level. Equatorial ocean
siphoning also affected the apparent rate of SLR in equatorial regions. This was the result of
the process of glacial isostatic adjustment, in particular the collapse of forebulges at the
periphery of previously glaciated regions (Mitrovica and Milne, 2002). In the equatorial
region, sea level peaked a few meters above current levels about 5000 years ago.
About 6000 years ago, the bulk of the continental ice outside of polar and near-polar
regions had melted, which released a huge weight from those continental shelves that
were burdened by ice. In those areas the continental shelf rose by isostatic rebound of the
land, with the largest rebound occurring where the ice burden was greatest. In zone C of
Fig. 1.3, the land rose faster than the sea, and the relative MSL decreased over the last
10,000 years, the coast prograded, and new land emerged. In many places where this
occurred, there is evidence of marine clays stranded tens of meters higher than where the
sea is now (e.g., coastal Massachusetts, USA (McIntire and Morgan, 1962)). In other areas,
the relative sea level rose about 20 m during the last 10,000 years. In some areas (zone A
in Fig. 1.3) this increase was asymptotic, being largest 10,000 years ago and minimal at present; in such areas the coast retreated from an advancing sea. In the other areas (zone B in
Fig. 1.3) the relative sea level reached a maximum about 5000 years ago typically 2e3 m

FIGURE 1.4 Time series of sea level and the rate of sea level rise over three time frames: (A) absolute mean sea
level during the last 140,000 years, (B) the rate of sea level rise decreased rapidly over the past 9000 years. Rates
decreased to about 0.4 mm year1 until the mid-1800s. The current 3e3.5 mm year1 rate is illustrated with the line at
point 0,0. (C) Tidal wetlands as we know them today developed in the past 4e6k years after rates of sea level rise
decreased to less than 1e2 mm year1. (A) Reproduced from Wolanski, E., 2007. Protective functions of coastal forests and
trees against natural hazards. In: Braatz, S., Fortuna, J., Broadhead, R., Leslie, R. (Eds.), Coastal Protection in the Aftermath of
the Indian Ocean Tsunami. What Role for Forests and Trees? FAO, Bangkok. 157e179. (B) From Kemp, A., Horton, B.,
Donnelly, J., Mann, M., Vermeer, M., Rahmstorf, W., 2011. Climate related sea-level variations over the past two millennia.
Proceedings of the National Academy of Sciences 108, 11017e11022 and Robert A. Rohde, Global warming art project. (C)
From Adey, W., Burke, R., 1976. Holocene bioherms (algal ridges and bank-barrier reefs) of the eastern Caribbean. The
Geological Society of America Bulletin 87, 95e109. Doc. No. 60112 e Fig. 3, page 100.
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FIGURE 1.5 Sketch of the continental shelf and continental slope, and the location of the estuary and the coastal
wetlands at present and 20,000 years BP (years before present).

higher (Isla, 1989) and up to 7 m higher than at present (Gómez and Perillo, 1995), and it
decreased smoothly to its present elevation until about 2000 years ago. In those areas where
sea level has dropped, the coast initially receded from an advancing sea and then prograded
slightly during the last 5000 years. Within each of these zones, there were local exceptions
(Sweet et al., 2017), especially in deltaic regions where sediment supply was sufﬁcient to
compensate for coastal retreat.
Worldwide the estuaries responded to these changing conditions of sea level, river and
sediment discharge, changing sea ice, water currents, storms, and waves brought about by
a new climate. The elevation of the MSL relative to land level determined at any time the location of the estuary. The net sediment budget, the balance between the sediment inﬂow (from
the river and import from the sea), and the sediment outﬂow from the estuary to the sea
determined the evolution of the estuary. Where the relative sea level fell rapidly (zone C
in Fig. 1.3), new land emerged constantly and the estuary migrated seaward, continually reinventing itself; the “old” estuary rose above sea level and became part of the landscape; this
evolution is still proceeding in zone C (Fig. 1.6A). Where sea level rose, “old” estuaries were
drowned and new estuaries formed landward where the land met the sea (Fig. 1.6B).
In zone C (Fig. 1.3), no steady state has yet been reached. The estuary is still moving
seaward as new land emerges. In zone A, a quasi-steady state was nearly reached by the
end of the 1800s as the relative rate of SLR was only about 0.4 mm year1 for the previous
1000 years or so. In zone B, the estuary is still evolving, albeit much slower than in the
past because the changes in relative MSL slowed down considerably during the last
6000 years. The downward trajectory in the absolute rate of SLR began to reverse worldwide
during the mid-1800s (Kemp et al., 2011). Regardless of whether estuaries were in steady state
or not at that time, changes that began then have only become greater since. This will likely
move all tidal wetlands out of steady state, so coastal wetlands will continue to migrate.

2.3 The Inﬂuence of Vegetation on the Geomorphic Evolution With
Climate Change
Estuaries trap some portion of the riverine sediment input (Perillo, 1995; Wolanski and
Elliott, 2015). Estuaries in zone C are thus silting as soon as they form in a new position; small
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Sketch of the migration of an estuary with (A) falling and (B) rising sea level; (C) in macrotidal areas
with large riverine sediment inﬂow, a vast coastal wetland often formed in the estuary that kept up with sea level rise
until the last few thousand years when the wetland died as it was capped by inorganic riverine sediment; (D) in other
open estuaries with a smaller riverine sediment inﬂow, rising seas drowned the wetlands, leaving behind organic-rich
wetland mud. This mud was capped by inorganic sediment of oceanic and riverine origin, until, a few thousand years
ago, it was close enough to the water surface that the coastal wetland could expand on it, creating a near-surface
organic-rich mud layer; (E) in basins that were submerged by rising seas to depths too deep to support a wetland,
riverine mud accumulated in the basin until depths became small enough that a costal wetland was established and
accumulated organic-rich mud; (F) in lagoons with little riverine sediment inﬂow, a coastal wetland formed originally
as the area was ﬂooded by rising seas; the wetland could not keep up with rising seas; the wetland died and was
capped by calcareous sediment of oceanic origin that can support seagrass; (G) in other lagoons, a coastal wetland was
formed, as the area was ﬂooded by rising seas; it died when it could not keep up with sea level rise and it was capped
by inorganic sediment of terrestrial and oceanic origin. When this sediment surface neared the water surface, a coastal
wetland developed over this sediment, creating a near-surface layer of organic-rich mud. Note that ﬁgure letters
are not to be confused with zonation described in Fig. 3. Examples taken from Ellison, J., 2009. Geomorphology and
sedimentology of mangroves. In: Perillo, G.M.E., Wolanski, E., Cahoon, D.R., Brinson, M.M. (Eds.), Coastal Wetlands: An
Integrated Ecosystem Approach. Elsevier, Amsterdam. 565e591; Lara, R.J., Szlafsztein, C.F., Cohen, M.C.L., Oxmann, J.,
Schmitt, B.B., Filho, P.W.M.S., 2009. Geomorphology and sedimentology of mangroves and salt marshes: the formation of
geobotanical units. In: Perillo, G.M.R., Wolanski, E., Cahoon, D.R., Brinson, M.M. (Eds.), Coastal Wetlands: An Integrated
Ecosystem Approach. Elsevier Science, Amsterdam, 593e614; Woodroffe, C.D., Davies, G., 2009. The morphology and
development of tropical coastal wetlands. In: Perillo, G.M.R., Wolanski, E., Cahoon, D.R., Brinson, M.M. (Eds.), Coastal
Wetlands: An Integrated Ecosystem Approach. Elsevier Science, Amsterdam, 65e88.
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FIGURE 1.6 cont’d

estuaries not ﬂushed by seasonal freshets of large rivers are turning into mud ﬂats that are
stabilized by bioﬁlms and can rapidly be colonized by saltmarsh vegetation, which creates
new high-latitude saltmarshes (Martini et al., Chapter 4). The evolution of estuaries in zones
A and B was controlled by the geomorphology when the rising seas ﬂooded new land and by
the tides, river runoff, and oceanographic conditions at the coast. Because these conditions
varied from site to site around the world, a large number of estuarine evolution pathways
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occurred (Woodroffe Chapter 2 and Ellison Chapter 20). At some locations (Fig. 1.6C) a wide,
shallow estuary formed; this enabled a vast coastal wetland to form that fringed the main
channel as the estuary ﬁlled with sediment from both the river and the sea (through processes
such as tidal pumping). Because of vegetation and adequate sediment supplies, this wetland
type accelerated siltation and enabled the estuarine system to keep up with SLR. Later this
estuarine, saline sediment was capped by freshwater sediment; the estuary had by then
reached “old age” because it had used all the accommodating space on land and could
then only evolve further by moving offshore to form a delta, or it can occasionally be rejuvenated by opening a new channel or by isostatic or structural movements. In other cases
(Fig. 1.6D), the estuary moved upland with a rising sea level until about 6000 years ago
when sea level stabilized; as the estuary migrated, so did the coastal wetlands, leaving behind
their signature in the form of a well-preserved organic-rich mud layer. This mud was capped
by inorganic sediment, which provided a substrate on which the wetland prograded, and in
the process formed a near-surface, organic-rich mud layer. Still in other cases (Fig. 1.6E), principally in microtidal areas and in areas where the geomorphology formed semienclosed
coastal waters as sea level rose, riverine sediment ﬁlled a lagoon-type environment and
this area was colonized by wetlands, leaving behind an organic-rich mud layer. The relative
sea level evolution over the last few thousand years has created, in sediment-starved estuaries of zone B, a varied succession of wetland habitats, including (Fig. 1.6F) the die-off of
mangroves and their capping by calcareous sediment later colonized by seagrass, and
(Fig. 1.6G) the die-off of mangroves and their capping by calcareous sediment with an
even later capping by a new mangrove swamp with accreting organic-rich mud. In the
case of temperate, sediment-starved estuaries in zone B, the lack of sediment input led to
erosion of the original wetland sediments and an evolution in wetland types. For example,
in Bahía Blanca Estuary, Argentina, some older Sarcocornia high marshes eroded (Minkoff
et al., 2005, 2006; Escapa et al., 2007), which lowered their position in relation to MSL and
led to their evolution to tidal ﬂats, which later were colonized by Spartina (Pratolongo
et al., 2013; Pratolongo et al., Chapter 3).
The marshes in Barnstable Harbor in the northeastern United States are a good example of
tidal wetland development in a zone A system. Development of the tidal wetlands
commenced when the rate of SLR slowed to about 0.4 mm year1 about 2000 to 3000 years
ago (Fig. 1.4C). Redﬁeld (1965) took sediment cores to basement coarse sands and, on the basis of 14C dating the peat at various depths in the cores, reconstructed the processes of harbor
inﬁlling, wetland transgression, wetland progradation, and vertical elevation gain (Fig. 1.7A).
The initial marsh was ﬁrst established along the upland-tidal ﬂat shoreline between MSL and
mean high water (MHW). Once marsh vegetation became established, the marsh gained
elevation through the combined processes of enhanced sediment trapping during tidal inundation and the accumulation of undecomposed marsh plant roots and rhizomes (Fig. 1.7B).
Concomitantly with marsh elevation gain, tidal ﬂats gained elevation because of deposition
of ocean-derived sediment through the process of tidal pumping (Woodroffe, Chapter 2 and
Ellison Chapter 20). Marsh plants migrate onto these newly created tidal ﬂats when elevation
reaches MSL, which enables the marsh to prograde toward open water. As sea level rose
(Fig. 1.7A and B), uplands ﬂooded, enabling marsh plants to transgress up across the now
ﬂooded uplands. This process continues to this day as sea level continues to rise and sediments enter the harbor by tidal pumping from the ocean or runoff from uplands.
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FIGURE 1.7 Salt marsh development over the past several thousand years. (A) The distribution of peat depths in
the marshes of the Barnstable Harbor Estuary. Contours are 6 ft (1.6 m). (B) Salt marsh development in Barnstable
Harbor Estuary demonstrating the processes of elevation gain, progradation toward open water and transgression
onto uplands in response to sediment inputs and sea level rise. From Redﬁeld, A., 1965. Ontogeny of a salt marsh. Science
145, 50e55 e Figs. 1 and 2 page 52. Reprinted and used with permission of AAAS and ESA.

Thus, coastal wetlands have been subjected to large changes in drivers over the past
20,000 years, yet they have adapted, greatly expanded in areal distribution, especially during
the last 4000 years, and survived. Sea level evolution, changes in sediment and water input
from the continent and from the ocean, and tidal range modiﬁcations, in addition to the evolution of wetland plants and fauna, are the controlling factors that acted on the various types
of wetlands. Therefore, coastal wetlands provide a signiﬁcant example of one of the most
resilient ecosystemsdan ecosystem that can withstand major modiﬁcations but still evolve
in a sustainable manner. Coastal wetlands are constantly evolving by feedback mechanisms,
especially with respect to rising sea level and to disturbances. The state of a particular
wetland at any one time affects its future and is determined by the accumulated history of
previous states. What we see in a wetland is a snapshot in time.

2.4 The Stabilizing Role of Vegetation
There is a strong interplay between tidal hydrodynamics, sediment inﬁlling and redistribution in intertidal regions, wetland plants, and the geomorphic development of drainage
networks and tidal wetlands in estuaries (Woodroffe, Chapter 2; Gao, Chapters 10 and Ellison,
20; D’Alpaos et al., Chapter 5). As long as mud ﬂat elevation remains below MSL, generally
the mud ﬂat remains fairly ﬂat and uneventful and tidal creeks may not form (Fig. 1.8A).
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Aerial photographs of (A) the 6-km wide mud ﬂat at the mouth of the Mary River, Australia’s
Northern Territory, showing the river channel and no tidal creeks, and (B) a dendritic tidal creek in an unvegetated
tidal ﬂat (King Sound, Western Australia; mangrove trees are only present in the lower reaches of the creek where
they form a one-tree wide vegetation strip). (C) Sketch of the asymmetry of the water surface and the tidal currents in
a coastal wetland at ﬂood tide and (D) ebb tide. (E) The tip of a tidal creek in an unvegetated mud bank stops at the
mangrove vegetation (Darwin Harbour, Australia). (F) Numerical prediction of the distribution of frictional stresses
in a dendritic tidal creek in an unvegetated mud ﬂat (D’Alpaos et al., 2009). (G) A dense mangrove root network locks
the soil together to a depth of several meters and inhibits wave erosion of the bank. (HeJ) High near-bottom
vegetation density due to tree trunks, prop roots, buttresses, and pneumatophores in mangroves.

FIGURE 1.8
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FIGURE 1.8 cont’d

However, once the mud ﬂat rises above MSL, the tidal hydrodynamics change profoundly. A
large volume of water ﬂoods and drains the mud ﬂat in a short time compared with the entire
tidal period. This ﬂow becomes funneled in a natural depression generating large currents,
which in turn quickly erode the bottom and the banks of the depression forming a
tidal course (i.e., a tidal channel, creek, gully, groove, or rill; Fig. 1.8B; Perillo, 2009; Perillo,
Chapter 6). The tidal creek grows by tidal current asymmetry, with larger ebb than ﬂood tidal
currents, due mainly to the higher mean depth of ﬂood tidesdhence lesser frictiondat ﬂood
tide than at ebb tide (Fig. 1.8C and D). This process of tidal asymmetry operates both in
mangroves and saltmarshes (Wolanski et al., 1980; Kjerfve et al., 1991; Mazda et al., 1995;
D’Alpaos et al., Chapter 5). In addition, there can be intense erosion at the head of the tidal
creek driven by small waterfalls that form there at ebb tide. Other forms of erosion also
help in the growth of the tidal courses (sensu Perillo, 2009) over unvegetated mud ﬂats (Perillo,
Chapter 6). At ebb tide, frictional forces retard the ﬂow over the mud ﬂat more than the ebb
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ﬂow is retarded in the tidal creek (Fig. 1.8E). A tidal creek forming in an unvegetated mud ﬂat
develops a dendritic pattern with several erosional “hot spots” at the tips and at the external
ﬂanks of tight meanders (Fig. 1.8F).
Before a mud ﬂat becomes vegetated, it can be stabilized by bioﬁlms or destabilized by
bioturbation. Once the mud ﬂat is vegetated by pioneer species of mangroves or saltmarsh
vegetation, a quasi-steady state develops characterized by a sharp discontinuity separating
the vegetated wetland from the unvegetated tidal course (Fig. 1.9AeC; Perillo, Chapter 6);
the exception is Arctic coastal wetlands because scouring by ice reshapes the bathymetry
yearly (Fig. 1.9D). The patterns of erosion and siltation change profoundly once vegetation
is established for three main reasons. First, the plant roots hold the soil together and this
slows down or even stops bank erosion by tidal currents and waves to the depth of the rooting depth. Rooting depth varies but generally ranges from about 15 cm in seagrass to over a
meter in creek bank mangroves and saltmarshes (Fig. 1.8GeJ; Holmer, Chapter 13). Second,
the wave erosion of the vegetated substrate is decreased because hydraulic energy of waves is
dissipated by vegetation (Fig. 1.10AeD). Third, the tidal currents are slowed 95% by the

(A)

(B)

(C)

(D)

FIGURE 1.9

Tidal channels through coastal wetlands are generally unvegetated and can persist for long periods
(years to hundreds of years) such as in these photographs at low tide of (A) a salt marsh channel (Mont-Saint-Michel,
France) and (B) a mangrove channel (Darwin, Australia). (C) Tidal channels start to form as soon as pioneer vegetation is established, even sparsely (Mont-Saint-Michel, France). (D) In the Arctic coastal wetlands, general mesotidal
conditions and yearly scouring by ice tend to impede the formation of long-term tidal channels, especially on
relatively ﬂat coasts, though ice does lead to the formation of sculptured marshes (“jigsaw” marshes) (James Bay,
Canada). (A) Courtesy of E. Langlois-Saliou. (C) Courtesy of E. Langlois-Saliou. (D) Courtesy of I.P. Martini.

FIGURE 1.10 Effects of vegetation on the dissipation of wave height and energy. (A) A generic representation of
wave attenuation (%) at high (HT) and low (LT) tide over an idealized temperate coastal wetland during nonextreme
events. Biotic structure contributes to wave attenuation only when submersed. When marshes, mangroves, and
seagrasses are exposed at low tide, they do not attenuate waves. Even so, during low tide, they may still contribute to
coastal protection via sediment stabilization. In this ﬁgure, we have incorporated the geomorphologic effect, resulting
in wave shoaling, wave regeneration, and wave breaking, which leads to 100% wave attenuation. In the present case,
we are not considering the effects of wave surf, run-up/backwash, or the dampening of potential high turbidity
situations, i.e., ﬂuid mud. (S, Salicornia spp.; SA, Spartina alterniﬂora; SG, seagrass; SP, Spartina patens; TF, tidal ﬂat) (B)
Swell waves intruding in mangroves along the coast of the Gulf of Tonkin, Vietnam, decrease in amplitude with
distance into the mangroves and this decrease is a function of the tidal height and the mangrove species. Hydrodynamics model predictions of the attenuation of swell waves (C) propagating over a seagrass meadow at low tide
and (D) intruding in a salt marsh at high tide, together with the predicted wave height if there was no vegetation. In
all cases, the vegetation signiﬁcantly reduces the wave height. (A) From Koch, E.W., Barbier, E.D., Silliman, B.R., Reed,
D.J., Perillo, G.M.E., Hacker, S.D., Granek, E.F., Primavera, J.H., Muthiga, N., Polasky, S., Halpern, B.S., Kennedy, C.J.,
Wolanski, E., Kappel, C.V., Aswani, S., Cramer, L.A., Bael, D., Stoms, D.M., 2009. Non-linearity in ecosystem services: temporal
and spatial variability in coastal protection. Frontiers in Ecology and the Environment 7, 29e37. (B) Drawn from data in Mazda, Y.,
Wolanski, E., 2009. Hydrodynamics and modeling of water ﬂow in mangrove areas. In: Perillo, G.M.E., Wolanski, E., Cahoon, D.R.,
Brinson, M.M. (Eds.), Coastal Wetlands: An Integrated Ecosystem Approach. ﬁrst ed., Elsevier, Amsterdam, 231e261.
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vegetation compared with currents in the tidal creek; also, the currents around the vegetation
generate eddies and stagnation zones where the suspended sediment imported with the
rising tide settles; the tidal currents are too small at falling tide to resuspend all that sediment;
thus the vegetated tidal ﬂat silts (Furukawa et al., 1997; Wolanski and Elliott, 2015; D’Alpaos
et al., Chapter 5). From the wetland edge to the interior, waves are attenuated, thus reducing
their ability to erode and transport sediments.
Wave attenuation and wave action across a subtidal to supratidal transect vary depending
on tidal stage (Fig. 1.10A) (Koch et al., 2009). Except for ocean waves acting along wetlands
open to the sea, most waves are generated within the estuary by (1) direct wave generation,
(2) windecurrent interaction, or (3) boat wakes (Perillo and Sequeira, 1989). The degree of
wave activity and its extension within the wetland is fully dependent on the wave characteristics and tidal stage. At low tide, waves are only generated within the channels by processes
(1) and (2), (process (3) is only important in highly navigated channels) and require intense
winds. These waves only act against the channel ﬂanks generating erosion because they
tend to be very steep waves (Perillo, Chapter 6). As the tide advances, the fetch for wave
generation increases, as does wave number and frequency, and their area of inﬂuence
increases. Except for hypertidal estuaries, when tides cover the wetland, waves can be active
in all dimensions. At that point, different plant types and the shoaling effect of wetland
topography become important in deﬁning how much sediment trapping or resuspension/
erosion can occur on the wetland.
Tidal creek drainage patterns in fully developed marsh systems are very similar to their
terrestrial counterparts (Novakowski et al., 2004). Both have mostly dendritic creek patterns
(that is, for the mature marsh), and in the downstream (ebb) direction channel reaches
converge toward a main channel. Youthful marshes on the other hand have a reticulated
pattern. While only a subset of marsh systems has been examined from this perspective,
the highest stream order observed is ﬁve, in the Strahler system (Horton, 1945). Both terrestrial and marsh drainage networks follow Horton’s law of stream order, which says that
stream reach length increases exponentially with order (Rinaldo et al., 1999). In coastal
wetlands, the relation between drainage basin area (Aw) and total creek length is similar to
the same relation in terrestrial basins. For the North Inlet (South Carolina, USA) marsh
system, there is a power relation of L ¼ 0.08A0.73
w (Fig. 1.11). This relation is in agreement
to the L-Aw relation proposed by Hack (1957) for terrestrial drainage networks.
To quantify the evolution of an estuary, models have been developed to compute the sediment dynamics over vegetated and unvegetated mud ﬂats. The aim of these models is
to simulate the evolving interaction between currents and sediment transport because this
interaction determines the evolution of the bathymetry (i.e., D’Alpaos et al., Chapter 5).
Kirwan and Murray (2007) successfully captured the interactive sediment transport
processes with the dynamics of vegetation biomass and productivity that lead to tidal
wetland and drainage network development in an estuary using a 3D simulation model.
The model explores the interactive effects of tidal amplitude, sediment availability, and the
rate of SLR. At a constant 1 mm year1 rate of SLR and a suspended sediment concentration
of 20 mg L1 (held constant throughout the domain), open water areas shallow, a marsh
platform and drainage network develop, and accretion rates on the marsh platform come
to equilibrium with the rate of SLR (Fig. 1.12 left to right). Decreases in suspended solids
lead to expansion of the tidal creek network, as does an increase in the rate of SLR at constant
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FIGURE 1.11 Relation between length of tidal creeks and the watershed area they drain for a salt marsh (dots)
and terrestrial systems (shaded area). From Novakowski, K., Torres, R., Gardner, R., Voulgaris, G., 2004. Geomorphic
Analysis of Tidal Creek Networks. WRR 40, W05401. https://doi.org/10.1029/2003WR002722 e Fig. 6, page 8.

Simulated evolution of a marsh platform and drainage network under constant 1 mm year1 sea
level rise, 20 mg L suspended solids concentration, and 4-m tidal range. This demonstrates the dendritic nature of
the drainage network that develops over successional time. Time proceeds from left to right. From Kirwan, M., and
Murray, B., 2007. A coupled geomorphic and ecological model of tidal marsh evolution. Proceedings of the National Academy of
Sciences 104, 6118e6122, https://doi.org/10.1073/pnas.0700958104 eFig. 1, page 6120.

FIGURE 1.12

1

marsh productivity. The development of a dendritic tidal creek drainage network as the
marsh matures is in agreement with ﬁeld observations (Wadsworth, 1980; Novakowski
et al., 2004). The ability of models to predict the future evolution of the linked sedimentology
and ecology for vegetated wetlands (saltmarshes and mangroves) remains an active and
challenging area of research.

2.5 Coastal Evolution and State Change
Estuaries we know today evolved slowly over the past 2e4000 years (Frey and Basan,
1978). For saltmarshes of the southeastern United States, three stages of evolution or
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FIGURE 1.13 Three stages of marsh development (Adyouthful, Bdmature, Cdold) showing the changes over
time in the ratio of low to high marsh and the ﬁlling of tidal creeks. From Frey, R.W., Basan, P., 1978. Coastal salt
marshes. In: Davis R.A. (Ed.), Coastal Sedimentary Environments. Springer, New York, NY. doi-org.proxy-remote.galib.uga.
edu/10.1007/978-1-4684-0056-4_4 e Fig. 6, page 114. Reprinted with permission from Springer Nature.

succession have been identiﬁed: youthful, mature, and old age (Fig. 1.13AeC). A youthful
marsh-dominated estuary has a low area of marsh relative to water. The marsh itself has a
high density of tidal creeks that are often reticulated in nature (Fig. 1.14 top). The marsh
has a low area of high marsh and a high amount of low marsh. Marsh grass biomass and productivity are high in the low marsh because of the frequency of tidal ﬂooding (and draining).
Sediment deposition and marsh surface accretion/elevation gain are rapid because of both
the high frequency of ﬂooding and the high plant density and biomass, which trap sediments.
On the high marsh, productivity and biomass are low because of infrequent tidal ﬂooding
and as a result sediment deposition is relatively slow. In the mature stage, the ratio of marsh
area to open water area is increased, while the ratio of low marsh to high marsh is decreased.
Many of the former tidal creeks have inﬁlled (Fig. 1.13B). The overall productivity of the
mature marsh ecosystem is lower than in the youthful stage because tidal ﬂooding is reduced
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FIGURE 1.14 Development of tidal marsh drainage networks. Examples of dendritic (top) and reticulated
(bottom) drainage networks in the Duplin River marsh system along Sapelo Island GA, USA. The dendritic pattern is
common in old age marshes with a low drainage density and large expanse of high marsh platform. The reticulated
network reﬂects a youthful marsh system with high drainage density and a high ratio of low marsh to high marsh.
From Wadsworth, J., 1980. Geomorphic Characteristics of Tidal Drainage Networks in the Duplin River System, Sapelo Island,
GA. (PhD thesis), University of Georgia, Athens e Figs. 15 and18, pages 47 and 50.
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and the amount of creek bank marsh has decreased. Marsh sediment porewater exchange is
reduced relative to the youthful marsh, thus salts and toxic metabolic products accumulate.
Finally, in the old stage, the overall area of marsh to water is at its highest and changes only slowly
from this point ondin relation to the rate of SLR and/or the availability of external sources of
sediment. The ratio of high marsh to low marsh has reached a maximum and most tidal creeks
have inﬁlled. Tidal creeks demonstrate a dendritic pattern and the drainage density is greatly
decreased (Fig. 1.13C and 1.14 bottom). The high marsh platform may only ﬂood during spring
tides. With a low drainage density of tidal creeks and infrequent ﬂooding of the marsh platform,
salts and toxic compounds accumulate in marsh porewaters and plant primary production is
relatively low. The overall pattern of succession is not uniform across the marsh; rather it proceeds
at different rates even within large tidal creek systems (e.g., the Duplin River tidal creek system in
coastal Georgia USA, which is about 12  3 km). In the Duplin River, approximately one-third of
the system is characterized as old and one-third as youthful (Wadsworth, 1980). While sediment
availability remains high in the Duplin system, a rapidly increasing rate of SLR in the future may
greatly slow or reverse this sequence of development.
A rising relative MSL and the geomorphologic evolution that it induces generate changes
in the distribution of coastal wetland ecosystems (see Fig. 1.1)dalso known as ecological state
changes. These changes modulate the upslope transgression from upland forest to high
marsh, high marsh to low marsh, and low marsh to subtidal ecosystems (Fig. 1.15A), which
is similar to the scenario shown in Fig. 1.6C. During the 21st century, the historical evolution
of coastal wetlands described above may be altered in response to the projected increased rate
of SLR because of global warming. Transition from one type of wetland to another or from
one state to another is the result of interactions among sediment availability, SLR, and the
ecogeomorphic feedback with wetland vegetation. With adequate sediment supply, existing
wetlands will be able to maintain elevation relative to SLR. When there is an imbalance, however, erosion along wetland edges will lead to conversion of wetland to unvegetated tidal ﬂat
below MSL (Mariotti et al., 2010; Fagherazzi et al., 2013). Lower salinity tidal wetlands may
transition to saline wetlands as a result of saltwater intrusion (Williams, 2014). Saltwater
intrusion can result from changes in hydrology (e.g., precipitation, river runoff, evapotranspiration) and increases in sea level. Finally, low-lying upland ecosystems (e.g., forests, grasslands, human land use) will experience salinity and water stress as SLRs, ﬂooding frequency
increases, and salinity increases.
Ecological succession of vegetation occurs within each of the states as a result of such disturbances as long as hydrology and sediments do not change substantially. For example,
freshwater wetland forest landward of high marsh may dieback after a ﬁre, but unless
salinity has increased, ecological succession may return the vegetation to forest. Alternatively, an increase in salinity will prevent forest re-establishment and subsequently change
the state to emergent saltmarsh. Often, the vegetation is out of phase with physical conditions
so that disturbance such as ﬁre or wrack deposition becomes the trigger to initiate change
(Brinson et al., 1995).
Over larger time scales and more divergent conditions, ecosystem types may change from
one to another (Fig. 1.15A). These coastal ecosystems have different ﬂooding and aeration
regimes that control plant dynamics (Fig. 1.15B). Submerged aquatic vegetation (SAV, such
as seagrass) has persistent ﬂooding, and mud/sand ﬂats are intermittently exposed, as are
wetlands and both will experience some degree of water table drop during low tides.
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FIGURE 1.15 (A) Predicted state change model showing response of subtidal, tidal, and upland ecosystems to a
change in the rate of sea level rise in combination with other agents of change, such as saltwater stress, wrack
deposition and smothering of wetland vegetation, and sediment redistribution, such as edge erosion. Ecogeomorphic
feedback and the availability of sediments will dictate whether tidal wetlands expand in the future (through upland
transgression) or contract (through edge erosion and tidal wetland shoreline retreat). (B) Differences in ﬂooding
duration and distribution of saline groundwater (light blue) and fresh groundwater (light brown) across a subtidal to
intertidal to upland gradient or transect. The dashed line indicates the saline water table at high and low tides.
Sediments below the groundwater lines are 100% saturated, whereas those above the line range from fully saturated to
ﬁeld capacity or lower, depending on the balance between precipitation/ﬂooding inputs and water losses associated
with evapotranspiration and drainage. Rising sea level will result in a shift of zones up into uplands, with saltwater
intrusion and ﬂooding resulting in the death and loss of upland vegetation. MHHW, mean higher high water;
MLLW, mean lower low water tide levels; MSL, mean sea level; SAV, submerged aquatic vegetation or seagrass.

Nevertheless, soils will always remain saturated with minimal aeration of the root zone. In
contrast, uplands are not under the inﬂuence of sea level and rarely experience soil saturation
or lack of aeration. SAVs differ from ﬂats by the presence of roots in the sediment and a
requirement for transparency in the water column.
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2.6 The Role of Physical Disturbances
Because of their location at the landesea interface, tidal wetlands and estuaries are some of
the most physically disturbed ecosystems on Earth. They are subject to several orders of
magnitude variation in river runoff or precipitation over annual cycles, they have the once
to twice daily inundation from tides, and many are hit by severe ocean-generated storms.
The role of such physical disturbances in coastal wetland dynamics and evolution is recognized but seldom quantiﬁed. At high latitudes, saltmarshes are scoured by sea ice, creating
a network of patches of rich vegetation, degraded vegetation, and unvegetated mud ﬂats
(Fig. 1.9D; Martini et al., Chapter 4). Furthermore, ﬂoating ice imbedded with sediments is
often transported elsewhere for deposition (e.g., marsh surfaces). At temperate latitudes,
crabs in saltmarshes can excavate local depressions that can develop into tidal courses
or become unvegetated muddy patches (Perillo and Iribarne, 2003a, b; Wilson et al., 2012;
Perillo, Chapter 6). In temperate and tropical climates, however, the most common natural
disturbances are storms. In mangrove areas, hurricanes can destroy the vegetation by the
force of wind and waves (Fig. 1.16A).
People living along the edge of coastal wetlands are particularly threatened by storm
surges (Fig. 1.17AeC) because storm surge ﬂood waves occur at long time scales (hours to
days) and are therefore little attenuated by vegetation (Highﬁeld et al., 2018). However,
coastal wetlands do serve a coastal protection role. Mangroves can attenuate a storm surge
by 8e20 cm km1 (Zhang et al., 2012; Spalding et al., 2012). Although storm surge attenuation can be negligible, saltmarshes can signiﬁcantly attenuate the wind waves; indeed, a
0.9 m wind wave is halved in about 200 m after entering a saltmarsh (depth < 2 m) during
a storm surge (Moller et al., 2014; Möller and Christie, Chapter 8). Seagrass meadows probably also have a negligible effect on a storm surge but they do attenuate wind waves, though
to a smaller extent.
Tsunamis, although rare, generate a major disturbance over shorter periods of time. The
presence of extensive areas of shallow waters, such as intertidal ﬂats, is important because

(A)

(B)

FIGURE 1.16 (A) Mangroves defoliated by a hurricane in Florida. (B) A 5e10-m wide strip of mangroves along
the estuary banks was destroyed by the 2004 Indian Ocean tsunami, and the remaining mangrove forest remained
intact (Khao Lak, Thailand). (A) Courtesy of USGS.
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FIGURE 1.17 People living along the edges of coastal wetlands such as in (A) the Fly River Estuary, Papua New
Guinea, (B) Chumphon mangroves, Thailand, and (C) the mangrove inlets at Cedar Key, Florida, USA, are particularly at threat from natural hazards including tsunamis and storm surges.

it presents a wide area for dissipation of energy before the wave hits the vegetation. In mangroves for small (<6 m) tsunamis waves, the damaged area may be limited (Fig. 1.16B) to a
5e10 m wide strip along the tidal creek and another, possibly much wider, strip along the
coast (Wolanski, 2007; Wolanski and Elliott, 2015). This occurs because the vegetation is
an obstacle to swift ﬂows and thus steers the tsunami wave along the tidal creek. People
(ﬁshermen) living along the tidal creekdwith no vegetation between them and the creekd
are not protected against a small tsunami; however, people living behind the mangrove
belt receive some protection (Alongi, 2008; Wolanski and Elliott, 2015). Provided that the
tsunami wave is less than 6 m and the trees are fully developed, the vegetation can survive
and a wave 500 m inland where it is transformed from rising in 10 s to rising in 3 min; this
gives a chance for people to take shelter or ﬂee the area, and the attenuation considerably
reduces damage to property and infrastructure (Wolanski and Elliott, 2015). A large tsunami
(wave > 6 m) ﬂattens and uproots the vegetation. In some cases, the energy extracted from the
wave and used for this destruction reduces the wave energy sufﬁciently to provide some
protection to people living in the coastal zone inland from the mangroves (Fig. 1.18AeB).
However, for a large tsunami wave, mangroves and coastal forests are known to signiﬁcantly
contribute to human mortality from the physical damage of water-borne debris (Cochard
et al., 2008). In climates with distinct wet and dry seasons, the evolution of the bathymetry
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FIGURE 1.18 Satellite images of Kitchall Island (Nicobars, Indian Ocean) (A) before and (B) after the December
26, 2004 tsunami. The likely tsunami wave direction is shown by arrows. The white dotted line shows the bay. Before
the tsunami, the bay was covered by mangroves. After the tsunami, no mangroves survived as the tsunami uprooted
or snapped the trees. The vegetation and the villages in the area marked “B” behind the mangroves were not badly
impacted by the tsunami disaster because their high elevation together with the tsunami wave attenuation by the
vegetation prevented ﬂooding; villages and the agricultural areas marked “A” were not in the lee of mangroves and
were destroyed or severely damaged by the tsunami. Thus, the land behind the mangroves was partially protected by
the sacriﬁcial belt of mangroves. At longer time scales, the surviving mangroves died because tectonic movements
changed the substrate elevation and the tidal hydrology. Courtesy of Y. Mazda.

(A)

(B)

FIGURE 1.19 (A) Seasonal estuarine bank slumping at the end of the wet season (Daly Estuary, NT, Australia).
(B) The growth of a tidal creek in freshwater ﬂood plains is facilitated by the destruction of the protective vegetation
by saltwater intruding in the dry season and creating bare mud ﬂats that may be colonized by mangroves years later
(Mary Estuary, NT, Australia).

of a tidal creek may be determined by seasonal bank slumping principally at the end of the
wet season, which is a large-scale process that vegetation usually cannot stop (Fig. 1.19A)
and which many estuarine geomorphology evolution models ignore so far. In arid and semiarid areas, bank slumping depends on underwater erosion and failures in the security factor
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due to steep ﬂanks (Ginsberg and Perillo, 1990). In other cases, the tidal creek develops from
headward erosion at its tip during ﬂoods; during the subsequent dry season, saline
water ﬂoods the eroded area, kills the freshwater vegetation, and creates bare soils that are
unprotected by vegetation and thus readily erode; this allows the creek to grow in the tidal
freshwater ﬂood plains (Williams, 2014, Fig. 1.19B). This process is still largely ignored by
estuarine geomorphology evolution models, although recently a model has been developed
(Gong et al., 2018).
There is a continuum of water level variations within estuarine systems ranging from tides
to severe ocean-generated storms and tsunami surges that differ tremendously on their
ecological and geomorphic structure and function. These water level disturbances also occur
with varied frequency and predictability. At the low end of the disturbance continuum,
Odum et al. (1979) hypothesized that the twice daily tidal ﬂooding was one of the factors
contributing to their extremely high levels of production. Tides bring in inorganic nutrients
and sediments from the ocean/estuary and remove toxic metabolic products for sediment
porewaters. In the tidal marshes of Louisiana, rapid land loss has led to many human actions
to retard loss, including the installation of weirs, which perch water levels, and placing spoil
banks along canals and natural tidal creeks, which also limit tidal exchange. These actions
tend to limit transport of nutrients, sediment, and toxic compounds, however, (e.g., Cahoon
and Turner, 1989) and as a result marsh grass production generally decreases (Spalding and
Hester, 2007). Although not a rigorous testing of Odum’s hypothesis, these changes are
consistent with predictions.
The effects of hurricanes and typhoons on tidal wetland structure and function remain
an active area of research. H.T. Odum talked about mangroves as being pulse-stabilized
systems meaning that the regular exposure to severe hurricanes helped maintain high
levels of primary and secondary production (Odum et al., 1995). But there are records in
the literature where rapid sediment deposits of more than 5 cm (during severe storms)
can kill mangroves (Ellison, 1998). Research on the effects of hurricanes on mangroves in
the Everglades has been a major component of the Florida Coastal Everglades Long-term
Ecological Research Project (FCE-LTER). Smith et al. (2009) examined the effects of ﬁve
major storms to pass through the Everglades mangroves and concluded that hurricane
damage did occur and that it was related to the hydrogeomorphic type of mangrove.
Damage was much greater in basin mangroves than in riverine or island mangroves.
Some forests recovered while others did not. Those that did not transitioned into other
ecosystem types, such as tidal ﬂats. On the other hand, another study in the same region
came to different conclusions, at least with respect to the wetlands that were not so heavily
damaged. Danielson et al. (2017) observed a pattern where major defoliation led to significant declines in net primary production, but that often in less than 5 years, primary
production returned to prestorm levels or higher (Fig. 1.20). The inputs of sediments
were seen not as damaging to mangrove function but rather to be an important source
of inorganic P, in these P-limited carbonate systems.
Saltmarsh plants also seem able to cope well and plant growth is even accelerated
following major storm events (Garbutt and Boorman, 2009; Boorman, Chapter 17). The
subsidyestress hypothesis of Odum explains well the impacts of severe ocean-generated
storms on tidal wetlands. Up to a point (threshold), storms subsidize tidal wetlands via their
removal of dead vegetation and the input of valuable inorganic nutrients, often associated
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FIGURE 1.20 Results of a disturbance simulation model showing the recovery time (RT) of mangrove net primary production (NPP) following disturbances of varying intensity (hurricane Wilma and a cold snap). RT varies
from 60 months following Hurricane Wilma to less than 1 month for the cold snap. From Danielson, T., Rivera-Monroy,
V., Casteneda-Moya, E., Briceno, H., Travieso, R., Marx, B., Gaiser, E., Farfan, L., 2017. Assessment of everglades mangrove forest
resilience: implications for above-ground net primary productivity and carbon dynamics. Wetland Ecology and Management 303,
115e125 e Fig. 2, page 118 for Shark River Slough as part of the Florida Coastal Everglades Project: FCWE-LTER.

with sediments. But there is a threshold, which varies on the initial hydrogeomorphic site
condition, where the impact of storms is so severe that recovery is not possible and the
wetland transitions to another ecosystem type, at least until conditions become favorable
sometime in the future, such as a response to SLR, for recolonization of the original ecosystem
vegetation.
Both saltmarshes and mangroves suffer mortality through hydrologic regime change,
particularly from sustained ﬂooding or loss of structural support through sediment erosion.
The belowground biomass of mangroves, seagrass meadows, and saltmarshes offer protection against erosion, thus providing a more stable medium for plant growth. The soft
sediments of unvegetated intertidal ﬂats are highly mobile and generally inhospitable to
emergent plant growth. The establishment of emergent vegetation is rapid once the right
hydraulic conditions occur and from that time onward the vegetation modiﬁes the water
and sediment circulation and promotes further biomass accumulation and the creation of a
new ecosystem. The establishment of pioneer vegetation over a soft sediment bottom appears
to be controlled for saltmarsh primarily by vegetative fragments establishing themselves and
forming patches that over time become connected, a process promoted by the growth of
rhizomes (Sánchez et al., 2001). For mangroves pioneer seedlings that are often Avicenna
marina stabilize the soils through their roots and pneumatophores (Saintilan et al., 2009).
Once initial colonization has been achieved, vegetation may develop, being possibly a seagrass meadow, a mangrove swamp, or a saltmarsh. This is commonly achieved by the arrival
of species of fauna and ﬂora with strong dispersal characteristics, followed by corresponding
changes in food web dynamics, sedimentology, and hydrology. Humanity has accelerated
this process by inadvertently or purposefully encouraging the spread of exotic invasive species and by the nutritive effects of eutrophication (e.g., Ellison and Sheehan, 2014; Sheehan
and Ellison, 2014).
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2.7 The Role of Animals (Herbivores and Carnivores)
Crabs are generally abundant in mangroves; there are over 40 species in Indo-Paciﬁc mangroves alone, dominated by two families, the Grapsidae and Ocypodidae, and each family by
one genus, Sesarma and Uca, respectively (Jones, 1984). In mangroves, crabs dig burrows
often at high densities (Fig. 1.21A). These burrows and their occupants facilitate the

(A)

(B)

(C)

(E)

FIGURE 1.21

(D)

(F)

(A) Crab burrows are numerous in healthy mangrove soils (Congo River Delta). (B) Mangroves
permanently destroyed by groundwater hypersalinity and acid sulfate leaching as a result of poor land use practices
in reclaimed mangrove soils (Konkoure River delta, Guinea). (C) Nearly all mangrove seedlings planted in this
abandoned shrimp pond died due to drowning as the tidal hydrology was not properly restored (Surat Thani,
Thailand). (D) This mangrove seedling was destroyed by being physically brought down by the weight of algae due to
local eutrophication from cattle dung (Iriomote Island, Japan). A bamboo curtain (E) and a seawall (F) were constructed
as a wave barrier to protect mangrove seedlings in a mangrove restoration site in the upper Gulf of Thailand.
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circulation of porewaters with tidal ﬂoodwaters, which permit salt to be ﬂushed from
sediments, thus reducing hypersalinity (Alongi, 2009; Mazda and Wolanski, 2009), which
would otherwise occur from mangroves that selectively avoid salt uptake and increase porewater salinity of the sediments. When crab populations are absent, the groundwater becomes
hypersaline and the vegetation either dies or becomes stunted. Human activities can
overwhelm and destroy this relationship. For instance, aquaculture on sulfur-rich soils drains
and acidiﬁes the soils (Dent and Pons, 1995); the vegetation is destroyed and cannot be recovered (Fig. 1.21BeF) without massive additions of lime. Even with lime additions, it is not
guaranteed that farming can be resumed because of the resilience of disease vectors buried
in the mud from intensive aquaculture (Stevenson et al., 1999).
The fate of plant litter in coastal wetlands is largely controlled by the activities of benthic
fauna and by the circulation of water. Crabs, bivalves, and snails can remove and process up
to 50%e80% of mangrove leaf litter (Smith et al., 1991). This enables the nutrients to be
recycled within the ecosystem. In turn the distribution of these animals is linked to the sedimentology, topography, and hydrology of the wetland. Birds are particularly important in
also consuming and exporting wetland plant and animal biomass; they also connect various
components of the coastal wetlands with each other and the coastal wetlands with the estuary and with surrounding ecosystems (Daborn et al., 1993; Mander et al., 2013; Bocher et al.,
2015; Buelow and Sheaves, 2015; Wolanski and Elliott, 2015). In temperate wetlands, crabs
and other burrowing animals are major bioengineers through their reworking of the surface
and upper meter of tidal ﬂat and marsh sediments. For instance, the grazing amphipod,
Corophium volutator, not only bioturbates sediments but also indirectly inﬂuences the erosion
threshold of sediments via their grazing of benthic diatoms, which excrete exopolysaccharides, a “sticky” organic compound that binds sediment particles. Changes in amphipod
densities can lead to differences in sediment conditions and sediment transport in less than
a couple of days (Daborn et al., 1993). As another example, high density of crab burrows
can develop a groundwater circulation forced by the tides that in some cases creates surface
depressions that induce the formation of ponds (Perillo, Chapter 6).
The fate of dead organic matter is important in determining the evolution of a coastal
wetland. There are large differences between the fate of aboveground plant biomass and
belowground plant biomass. Live aboveground biomass can be consumed by crabs, snails,
shrimps, and cone shells (Fig. 1.22A and B). For instance, shrimps can remove 50%e80%
of seagrass leaf production (Kneer et al., 2008) and crabs and snails climb trees to harvest
mangrove leaves (Vannini and Ruwa, 1994; Vannini et al., 2008). Another fraction can be
exported as particulate organic matter outwelling that in turn enhances detrital food webs
in the adjoining estuarine and coastal waters, and the remaining fraction may be accumulated
on the substrate for eventual burial by sediment deposition. Belowground organic biomass is
generally not exported in particulate form but rather is lost through decomposition by
microbes as carbon dioxide and methane and dissolved nutrients. Decomposition takes
several months to years for labile organic matter, whereas refractory organic matter may
take hundreds of years to decompose or become permanently buried through peat
accumulation.
There are feedback between the vegetation and the fauna. For instance, coastal wetlands
with an aerial canopy of vegetation generate a microclimate at the sediment surface, which
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FIGURE 1.22 (A) Cone shells eating leaves in mangroves (Iriomote Island, Japan). (B) Crabs consume mangrove
litter that falls on the ground; some crabs also climb on trees, principally at night, and eat the young leaves that have
little tannin in them (Australia mangroves). (A) Courtesy of K. Furukawa. (B) Courtesy of N. Duke.

in turn affects the fauna and ﬂora. As an example, at mid-latitudes the daily temperature variation in stagnant pools of water in wetlands exceeds 5 C if the pools are shaded by mangroves and 15 C if the pools are not shaded; this in turn affects the population dynamics
of ﬁsh and mosquitoes in these pools (Knight, 2008).
The fate of dead, aboveground organic matter differs widely among the types of coastal
wetlands. Much of the litter fall is consumed in mangroves (Smith et al., 1991; Kiwango
et al., 2015). In some saltmarshes, a large portion of live plant biomass may be consumed
and subsequently exported as birds migrate away from sites of grazing (Canada geese in
North America; Rivers and Short, 2007). Usually a large fraction of dead-standing saltmarsh
vegetation is decomposed in place by fungi, which are farmed and consumed by snails, such
as Littoraria irrorata (Silliman and Newell, 2003). In other saltmarshes, consumption of plant
litter by fungi and herbivores is not a major process; instead large wracks of dead grass form
in winter as the aboveground components die (Fig. 1.23). The amount of aboveground
organic matter can appear to be enormous, when small amounts exported from many km2
accumulate on in small areas. The same occurs in seagrass meadows where storms can leave
massive accumulations on beaches (Holmer, Chapter 13). Some of this material remains trapped in the wetland, redistributed during extreme tides, or exported as an outwelling event
during a single storm (see Fig. 4.11 in Wolanski and Elliott, 2015). Large accumulations of
wrack can produce large dieback of Spartina, which then may induce the formation of tidal
depressions within the marsh (Perillo, Chapter 6). Fish and crabs can also consume biomass
on wetland surfaces at high tide and then facilitate export as they move toward the estuary
with ebbing tides (Deegan, 1993). Thus, mangroves, saltmarshes, and seagrass meadows can
be net exporters of organic matter depending on local physical conditions. This link between
ﬂora and fauna in the energy ﬂows and nutrient ﬂuxes between ecosystem types is a rich,
largely unexplored, ﬁeld of research.
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FIGURE 1.23 A wrack of dead salt marsh plants and some plastic litter after a storm (Bahía Blanca Estuary,
Argentina). The plant litter is composed of dried stems of Spartina alterniﬂora. Sarcocornia perennis plants die when
covered by the dead plants.

2.8 Observations Across Ecosystem Types
Surface and underground water circulation are vital to the sedimentation processes, chemistry, and biology of coastal wetlands. There is a strong feedback between water circulation
and sediment dynamics and the constantly changing geomorphology of coastal wetlands.
The circulation of surface and sediment porewaters in coastal wetlands also plays a key
role in the adjoining estuarine and coastal ecosystems, as well as their biology and biodiversity. The processes vary spatially from small to large scales and temporally at time scales
from that of individual mixing events to tidal to geomorphological scales.
Almost every day of ﬁeld work in coastal wetlands reveals new aspects of the complex
interplay between hydrodynamics, sedimentology, and ﬂora and fauna. To cite a few examples, we compare attributes of the ﬁve major ecosystem types (Table 1.1) in terms of their
geographic distribution, physical limits, food web dynamics, and responses to human activities. In making such comparisons, there is a tendency to overgeneralize and to gloss over the
diversity of patterns found within each of the types. We make these comparisons in the spirit
that they may lead to insight not obvious by working within or examining a single ecosystem
type (the remainder of this section refers to the contents of Table 1.1).
Some patterns are obvious, such as climatic differences between the latitudinal ranges of
saltmarshes and mangroves. Although the geographic distribution is reasonably wellestablished, inventories of the area covered by each ecosystem type are less reliable. For
example, tidal freshwater wetlands have not been much studied outside of the North American and European continents, so their distribution has not been mapped to our knowledge
(Conner et al., 2007; Whigham et al., Chapter 18). In fact, most of these ecosystems are associated with the large deltas of the world where dominance by freshwater discharge results in
salinities lower than is often associated with the term “coastal.”

TABLE 1.1

Comparison of Coastal Wetland Ecosystem Characteristics for Five Major Coastal
Ecosystem Types

Characteristics

Seagrass
Meadows

Intertidal Flats

Freshwater
Tidal Wetlands

Salt Marshes

Mangrove Forests

Geographic rangea Absent in polar Unlimited
regions

Mid to high
latitudes;
replaced by
mangroves in
subtropics

Mean monthly temps Low to high
>20 C
latitudes

Global abundanceb 180,000 km2

60,000 km2

150,000 km2

Grossly
underestimated

GEOGRAPHIC DISTRIBUTION

Widespread;
undocumented

PHYSICAL LIMITS
Maximum water
depth limitation/
minimum
elevationc

Approximately Light limitation of Varies with
20% incident
net primary
amplitude and
production where temperature
light
P/R < 1

Unresolved

Unresolved

Maximum
elevation/
minimum
hydroperiodd

Intertidal
conditions
(exposure to
some drying)

Supratidal during Groundwater
storms
discharge zone;
salt
accumulation in
arid climates

Groundwater
discharge zone; salt
accumulation in arid
climates

No information

Salinity rangee

Euryhaline to
polyhaline

Variable

Hyperhaline to
oligohaline

Fresh to
oligohaline

Source of material
for vertical
accretionf

Also organic
accretion

Allochthonous
Also organic
inorganic only
accretion
(bioﬁlm stabilizing
effect)

Also organic accretion Also organic
accretion

Not applicable

Demonstrated
effect on
primary
production

Fish nursery variation Not known

Local shore
erosion and
sediment
redeposition

Decades-long effects
after blowdown of
trees

Surge may
affect soil
salinity

Emergent
grasses and
forbs

Trees, shrubs

Ranges from
herbaceous to
forest
dominance

Grazing food websj Large mammals Infauna, epifauna Snails and
and turtles
insects

Tree crabs

Rodents

Detrital food websk Invertebrate
dominated

Not applicable
Interannual
variation in sea
level; ENSO cyclesg
Hurricanes and
cyclonesh

Temporary
Likely short-term
unless burial by effects
sediments or
severe erosion

Hyperhaline to
oligohaline

FOOD WEB DYNAMICS
Epipelic
Typical dominant Submersed
primary producersi vascular plants microalgae (esp.
diatoms) and
macroalgae

Openness of
organic matter
ﬂuxesl

Exports and
imports welldocumented

Indistinguishable
from grazing

Invertebrate
dominated

Burrowing crabs

Invertebrate
dominated

No information;
presumed open

Evidence of net
exports

Evidence of net
exports

Few studies

(Continued)

TABLE 1.1

Comparison of Coastal Wetland Ecosystem Characteristics for Five Major Coastal
Ecosystem Typesdcont’d

Characteristics

Seagrass
Meadows

Intertidal Flats

Salt Marshes

Mangrove Forests

Freshwater
Tidal Wetlands

RESPONSE TO HUMAN ACTIVITIESdGLOBAL CHANGE
Response to
climate warming:
ambient
temperaturesm

Thresholds not No information
established

Possible
distribution to
higher latitudes

Response to
climate warming:
acceleration of
rising sea leveln

Thresholds not No information
established

Strong sediment Strong sediment
sources needed sources needed for
for survival
survival
(glacial rebound
areas excluded)

Strong
sediment
sources needed
for survival
(little
information)

Expansion or
Expansion or
reduction of salt contraction of salt
ﬂats
ﬂats

Transformation
to greater or
lesser salinity
tolerant species

Altered salinities in Hypersalinity in No information
response to climate seasonally
drying or wettingo isolated
lagoons;
freshening in
others

Possible distribution
to higher latitudes
lacking frost

No information

RESPONSE TO HUMAN ACTIVITIESdLOCAL AND UPSTREAM
Increased salinity
from reduced
freshwater ﬂows
(upstream
withdrawals,
irrigation, etc.)p

Hypersalinity in Increasingly
seasonally
stressful
isolated lagoons

Expansion of
salt ﬂats

Expansion of salt ﬂats Transformation
to salinity
tolerant species

Reduced sediment
supply due to
reduced freshwater
ﬂows (dams, etc.)q

No information Reduced
(reduced
development of
suspended
tidal ﬂats
sediments
beneﬁcial to
water clarity)

Erosion

Erosion; hypersaline
conditions

Erosion

Sensitive to burial of
pneumatophores

Massive
development of
marshes
historically
(Chesapeake
Bay, USA)

Enhanced or
Reduced water
excessive sediment clarity limits
supplyr
primary
production

Accretion with
Accretion selfshift to marsh and limiting
mangrove
colonization

Tidal
barriersddyking
and bulkheadss

Not applicable

Not applicable

Eutrophicationt

High sensitivity Proliferation of
to nutrients;
macroalgae
macroalgal
smothering

Eliminates
Eliminates physical
and biotic exchanges
physical and
biotic exchanges

Eliminates
physical and
biotic
exchanges

Increased
herbivory

No information

No information

TABLE 1.1

Comparison of Coastal Wetland Ecosystem Characteristics for Five Major Coastal
Ecosystem Typesdcont’d

Characteristics

Seagrass
Meadows

Freshwater
Tidal Wetlands

Intertidal Flats

Salt Marshes

Mangrove Forests

Shellﬁsh
harvesting (e.g.,
hand tonging for
oysters and
clams), disruption
of substrate

Harvesting of
marsh hay (can
be done
sustainably)

Logging for ﬁrewood Cypress
(can be done
logging
sustainably);
aquaculture
impoundments
(see#22, very
destructive)

Harvesting of
plants and
animalsu

Trawling for
benthic
organisms is
extremely
destructive

Bottom
disturbance:
channel dredging,
ﬁsh/shrimp ponds,
etc.v

Extremely
Deepening beyond Extremely
destructive,
euphotic zone
destructive
direct loss, and
declining water
clarity

Extremely destructive Extremely
destructive

Fragmentation
within habitatw

No information No information

No information

No information

No information

Loss of
connectivity with
other habitatsx

No information No information

No information

No information

No information

RESPONSE TO HUMAN ACTIVITIESdBIOTIC
Invasive speciesy

Caulerpa taxifolia No information
aggressive
clones

Phragmites in
No information
spring tidal and
fresh zones

Phragmites
throughout

Diseasesz

Wasting disease No information
historically

No information

No information

No information

Superscript alphabets corresponds to footnotes that refer to chapters in this volume and additional sources listed at the bottom of
the table.
a
Chapters 2e4 and 28; Conner et al., 2007.
b
Duarte et al. (2008) for all but intertidal ﬂats and tidal freshwater wetlands, the latter grossly underestimated (Chapter 18). Mcowen et al.
(2017) for saltmarshes and Giri et al. (2011) and Hamilton and Casey (2016) for mangroves. Green and Short (2003), Nellemann et al.
(2009a) and Hopkinson et al. (2012) for seagrasses.
c
Chapter 13; McKee and Patrick (1988) for saltmarshes, Gallegos and Kenworthy (1996) for seagrass.
d
Chapters 3 and 16.
e
Chapters 2, 3 and 4.
f
Chapters 2, 3, and 4.
g
For saltmarshes, Morris et al., 1990; for mangroves, Rehage and Loftus, 2007.
h
For mangroves (Smith et al., 1994); for marshes and mangroves (Cahoon, 2006); for marshes (van de Plassche et al., 2004), for seagrasses
Holmer Chapter 13.
i
Chapters 2, 3, and 4.
j
Chapters 2, 3, and 4; Chapter 11 for tidal ﬂats; Chapter 15 for saltmarshes.
k
Chapters 2, 3, and 4; Chapter 11 for tidal ﬂats; Chapter 15 for saltmarshes.
l
Chapters 11, 13, 15, 19.
m
Chapters 2, 20, 22, 28.
n
Chapters 2, 3, 4, and 28.
o
Predictions depend upon local effects of precipitation/evapotranspiration change as they may affect continental sediment supplies.
p
No documented examples in chapters.
q
Pasternack et al., 2001.
r
Pasternack et al., 2001; van Katwijk et al., 2016.
s
Chapter 19.
t
Seagrasses particularly vulnerable: Chapter 13, van Katwijk et al., 2016 and Waycott et al., 2016.
u
Chapter 24 (Holmer) and van Katwijk et al., 2016 for seagrasses; Buchsbaum et al., 2009 and Holden et al., 2013 for saltmarsh haying;
Perkins, 2017 and Mancil, 1972 for cypress tree logging; Goessens et al., 2014 for mangrove logging.
v
Chapter 24.
w
No information available.
x
No information available.
y
Chapter 13.
z
Chapter 13 and Waycott et al., 2016.
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At a particular site, physical limits and factors (water depth, wave energy, salinity range,
rate of rising sea level, etc.) determine the type of coastal wetland. Because of the high diversity in life forms across ecosystem types, ranging from diatoms to trees for just the primary
producers, there is great variability in the capacity of biotic structure to inﬂuence physical
processes. For tidal ﬂats and seagrasses, both of which are dominated by obligate aquatic
taxa, maximum depth distribution (or lowest elevation) is limited by light availability
when ﬂooded. The upper elevation of disturbance is limited by desiccation when the
ecosystem is exposed. For emergent life forms (marsh grasses, shrubs, and trees), the vertical
range is highly inﬂuenced by tidal amplitude, i.e., greater tidal amplitudes allow a greater
elevational range of distribution (McKee and Patrick, 1988).
Variations in intertidal soil salinity are largely a consequence of climate (precipitatione
evapotranspiration intensity and periodicity) and freshwater discharge, when signiﬁcant.
In some humid climates, groundwater discharge establishes the upper boundary of mangroves and marshes (Plater and Kirby, 2006), whereas in some arid climates, high evapotranspiration leads to high soil salinities that restrict the landward extent of coastal wetlands
(Pratolongo et al., Chapter 3). Flooding frequency and bioturbation contribute to porewater
exchange and soil salinity. With regular tidal ﬂooding, porewater exchange maintains salinity
(in psu) so that it is rarely above 50 in a mangrove forest or a saltmarsh, compared to 32e37
in an adjacent tidal creek and 100 in salt pan porewater (Sam and Ridd, 1998; Gardner, 2005;
Boorman, Chapter 17). The intensity of the groundwater salinity intrusion in a wetland depends on the tidal range, occurrence of an impermeable clay/silt layer underneath the
wetland soils penetrated by roots, and the fresh groundwater discharge from the upland
(Barlow, 2003; Wilson and Morris, 2012). With changes in the relative position of sea level,
the boundary at which coastal effects, such as salinity, are no longer apparentdand this
boundary controls the vegetationdchanges over time as wetlands migrate landward in
response to rising sea level (most regions; see Fig. 1.3) and regress as sea level drops (mainly
at high latitudes) (Figs. 1.3 and 1.6).
Virtually all coastal wetlands respond to and rely on sediment sources and exchanges. The
effects of suspended sediment on light transmission in the water column are critical for survival of seagrasses and likely have short-term effects on the primary productivity of tidal
ﬂats. For marsh and forest ecosystems, however, sediment accumulation through deposition
is a critical process because it maintains the relationship between a wetland surface and sea
level change. This dynamic interaction is to some degree self-maintaining because too much
accretion places the sediment surface too high for ﬂooding and sediment deposition, whereas
too little accretion has the opposite effect (Rybczyk and Callaway, 2009; Morris, 2016).
Interannual variation in sea level stand adds another dimension of complexity, but it has
been demonstrated only for primary production rates in saltmarshes (Morris et al., 1990). Of
course, hurricanes, cyclones, and tsunamis, where they occur, can produce short-term disruptions of tidal ﬂats but highly variable effects locally for other coastal wetland types (Cahoon,
2006). For saltmarshes, sediment erosion is a shore phenomenon that in extreme cases can
remove large areas in a single storm. In an example studied by van de Plassche et al.
(2004) in Connecticut (USA), massive removal of saltmarsh sediments could be returned to
intertidal status only with substantial inﬁlling and regrowth of vegetation. In contrast, mangroves can experience massive blowdown with return to full growth forests only on decadal
time scales (Cahoon et al., 2003; but see also Danielson et al. 2017) where mangrove recovery
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is seen in relation to the degree of disturbance. The effects of soil salinity on tidal freshwater
swamps in temperate zones have been shown to cause tree mortality and replacement with
marsh vegetation (Conner et al., 1997). Fire is likely a disturbance only in the upper portions
of tidal wetlands where mortality of trees can accelerate the landward movement of marsh
vegetation (Poulter, 2005).
Food web dynamics vary greatly among coastal ecosystem types. Tidal ﬂats represent the
largest departure from other ecosystem types in that the grazing food web is dominated by
deposit-feeders rather than the more typical herbivory of higher plants. This is somewhat
deceiving because marshes and swamps also have epiphytic communities that support substantial food webs. Algal production in both seagrasses and saltmarshes can be substantial,
especially with regard to macroelements, such as N. This is not to diminish the role of living
plant tissue in supporting grazing food webs because there are examples of substantial
herbivory, ranging from sea turtles and dugongs for seagrasses and invertebrates for
mangroves and saltmarshes. Regardless, plant tissue is often unpalatable to many potential
consumers resulting in the majority of primary production being entrained in the detrital
food webs (Visser et al., Chapter 15). In spite of the openness of most tidal ecosystems to
organic matter exchanges, both particulate and dissolved, there is general agreement that
greater tidal amplitudes not only facilitate imports and exports but also that associated
currents serve to amplify nutrient cycling and associated primary productivity. Even
seagrasses that are completely open to exchange have the capacity to trap particulate
organic matter through their bafﬂing effect in comparison with bare sediments (Holmer,
Chapter 13). Nevertheless, it should be pointed out that shallow bare sediments used for
comparison are similar to the intertidal ﬂats that fully contribute to the habitat complexity
of coastal wetlands. Migrating birds also provide a connection, through biomass transfer,
between coastal wetlands that can be adjoining or widely separated, and even in different
hemispheres.

2.9 The Human Impact
Starting about 7760 years ago in China (Zong et al., 2007) and typically a few hundred
years ago in most other coastal areas, humanity has profoundly impacted, degraded, or
destroyed many coastal wetlands by direct physical degradation and pollution. Ironically,
reduced coastal wetland area increases the threat to human safety at the same time that shoreline development exposes populations to coastal hazards such as tsunamis, erosion, ﬂooding,
storm waves, and surges.
As a result, nearly all saltmarshes have been destroyed by land reclamation in several
highly populated temperate countries, including Japan, China, and the Netherlands
(Wolanski and Elliott, 2015). Recent wetland destruction in the United States has led to
over 9 million hectares of wetlands lost between 1950 and 1970, the greatest loss occurring
in coastal wetlands of the Gulf of Mexico (Frayer et al., 1983). Despite the “swampbuster”
1985 Food Securities Act and the “no net loss” of wetlands policy that emerged in 1989,
wetland loss along that USA coast continues (speciﬁcally Louisiana), though at a slower
rate (Streever, 2001; Entwistle et al., 2017). Seagrass area is also declining as a result of human
activities. Since 1879, 29% of the known areal extent of seagrasses was lost and rates of loss
since 1990 have accelerated to 7% year1 (Waycott et al., 2016).
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This loss in turn is economically signiﬁcant because coastal wetlands are critical habitats
for many ﬁshery species in the Gulf of Mexico (Heck et al., 2003; O’Connor and Matlock,
2005). The wetlands remaining are sinking and shrinking as they are not replenished by sediment because rivers are diverted elsewhere, exacerbating ﬂooding by river ﬂoods and storm
surges (Streever, 2001; Day et al., 2000). Human disturbance now threatens tropical coastal
wetlands; indeed, we face the prospect of a world without mangroves this century (Diop,
2003; Duke et al., 2007). The main threats are clear-cutting mangroves for charcoal and conversion of the land for urbanization, salt ponds, rice farms, and shrimp ponds (Fig. 1.24AeD).
Interestingly, the Sundarbans of India and Bangladesh lost only 1.2% of their mangroves in
the past 25 years. These mangrove areas have the highest human population density in the
world living on their periphery. Government actions are largely responsible, which is an
excellent example of coexistence of coastal wetlands and humans (Giri et al., 2007) Arctic
coastal wetlands remain the least impacted, simply because there are fewer people living
in these areas.
Geomorphology teaches us that all coastal wetlands suffer mortality if mineral and organic
sediment accumulations are unable to keep pace with SLR. This is important to consider
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FIGURE 1.24 The ongoing worldwide destruction or degradation of mangroves is mainly due to
(A) urbanization (Mai Po, Hong Kong), (B) shrimp ponds (Surat Thani, Thailand), (C) salt ponds (Wami Estuary,
Tanzania), (D) rice farms (Konkoure Estuary, Guinea), as well as (not shown) clear-cutting for charcoal production.
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when planning the future of coastal wetlands in view of a predicted SLR during this century.
Most modern-day tidal wetlands formed over the past several thousand years when rates of
SLR were much lower than the current 3.2 mm year1 rate (Rahmstorf et al., 2012). Due to
ocean warming and glacial melting, sea level may increase up to 2 m by 2100 (Sweet et al.,
2017). Decreasing rates of sediment supply to the coastal zone further compromise the ability
of tidal wetlands to maintain elevation relative to SLR (Weston, 2013). Better land management, reforestation, and damming of rivers have substantially reduced sediment delivery
worldwide (Milliman and Syvitski, 1992). Overall, rising rates of SLR and decreased sediment
delivery to the coast have been linked to tidal wetland loss globally (Reed, 1995), witness
wetland loss in the Mississippi River delta (Blum and Roberts, 2009), the Blackwater Creek
marshes in Chesapeake Bay (Ganju et al., 2015), and Venice Lagoon in northern Italy
(Day et al., 1998).
The impacts of human activities are also seen in loss of tidal ﬂat ecosystems with great implications for migrating waterbird populations. SLR, declining sediment inputs, and upland
tidal ﬂat barriers, such as the building of rock walls and urban development, are contributing
to tidal ﬂat erosion, permanent ﬂooding, and general wetland loss in area. Tidal ﬂats along
the 13,800 km Yellow Sea coastline of China, the Democratic People’s Republic of Korea, and
the Republic of Korea have seen some of the largest declines in tidal ﬂat area. Murray et al.
(2012, 2014, and 2015) report a decline of between 50% and 80% of tidal ﬂat extent over the
past 50 years, with a current loss rate of about 1.2% annually. This has led to declines in
migratory bird populations that use the East AsianeAustralasian Flyway, with 5%e9% per
year losses in waterbird numbers (MacKinnon et al., 2012). Shorebird populations in Japan
that use this ﬂyway are rapidly declining, strongly suggesting the loss of Yellow Sea tidal
ﬂats as the likely driver of declines (Murray et al., 2015). The same trend of decreasing shorebird populations that use this ﬂyway has been observed in Australia (Clemens et al., 2016).
Impacts from human activities are invariably destructive to coastal ecosystems as a general
principle, whether inadvertent or in the course of ecosystem management. However, human
activities often provide insight into the workings of relatively unaltered or pristine ecosystems. (The term “pristine” in this context is a relative term, and scientists studying global
change would argue that there are no remaining examples that warrant this status.) We
summarize human activities under three categories: those resulting from global change,
effects from more localized physical and chemical changes, and effects from biotic sources
(Table 1.1).
Three aspects of global change that are having a major impact on tidal wetland dynamics
include a warming that may expand the range of frost-intolerant species (i.e., mangroves),
accelerating rise in sea level that may exceed the capacity of some wetlands to keep pace,
and the drying or wetting of climates that may alter coastal salinity and ﬂuvial sediment
delivery patterns (Kundzewicz et al., 2008). In comparison with more local types of human
impacts, global changes tend to be longer term and subtler, but this feature is offset by the
large geographic reach of such effects. Furthermore, there is great uncertainty in actual rates
of change. Some reports have suggested that increased interannual variation in precipitation
and temperatures, as well as increased “storminess,” should be considered to have ecological
consequences beyond more linear time-averaged projections (Michener et al., 1997). For
terrestrial ecosystems, reconstruction of past climate changes indicates that forests did not
shift latitudinally as intact communities, but rather individual species responded
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independently resulting in community mixtures not recognizable in today’s assemblages
(Clark et al., 1998). It is unlikely that the same occurred for coastal wetlands because of their
relatively low plant diversity. Regardless, examples of asynchrony in migratory bird activity
relative to the supply of seasonal foods are examples of global change that warrant scrutiny
in coastal wetlands (Michener et al., 1997). We are in our infancy in the understanding of
possible interacting effects of changing salinity, temperature, and diseases for wetlands.
Reduced freshwater ﬂows resulting from domestic and agricultural extractions have
the potential to increase coastal salinities and impact the existence of tidal wetlands.
These extractions could and have increased the salinity in already hypersaline lagoons that
have seagrasses and marshes (Buskey et al., 1997). The decline in freshwater supply was
the fourth most common cause of mangrove decline in Southeast Asia between 2000 and
2012 (Giri et al., 2014). Increased estuarine salinization and turbidity from decreased freshwater ﬂow and increased land clearing in river basins are at present the greatest threat to
tropical estuarine ecosystems and their coastal wetlands in Africa (Kiwango et al., 2015;
Jennerjahn et al., 2017). Furthermore, associated irrigation return ﬂows and domestic wastewater discharges have additional inﬂuences in changing nutrient loading and introducing
pesticides and other toxicants. Seagrasses are the most likely to be affected by nutrient enrichment, as discussed below.
Land clearing activities can increase sediment delivery to coastal wetlands, whereas impoundments have the opposite effect; both have the potential of changing sediment balances
or imbalances locally. Seagrasses are particularly susceptible to effects of suspended sediments on light attenuation in the water column (Waycott et al., 2016). Mangrove mortality
has resulted from excessive sedimentation (Ellison, 1998). Saltmarshes and tidal freshwater
marshes along the east coast of United States, however, owe their current existence to past
increases in sediment supply (Pasternack et al., 2001). The effects of sediment starvation
have been well-documented as the cause of tidal marsh losses (Streever, 2001; Bernier
et al., 2006), and a similar process is also apparent for mangroves, e.g., in the upper Gulf
of Thailand (Thampanya et al., 2006; Wolanski and Elliott, 2015).
Barriers to tidal exchange interfere with the most fundamental processes in coastal ecosystems dependent on sediment dynamics. Barriers include dykes and various forms of seawalls
(Adam, Chapter 23). For example, tidal marsh areas isolated from sediment supplies and
astronomic tides often undergo major subsidence. Seagrasses generally may be immune to
these subsidence effects.
Nutrient enrichment affects seagrass meadows in multiple ways, including accumulations
of excessive macroalgal growth that depletes night time oxygen to the detriment of the plants,
stimulation of sulﬁde production through organic enrichment resulting in toxicity to roots,
and excessive periphyton growth having shading effects on plant photosynthesis (Holmer,
Chapter 13). Approximately 54% of seagrass loss since 1879 has been attributed to water
quality deterioration, chieﬂy eutrophication (van Katwijk et al., 2016).
Experimental fertilization of saltmarshes at high levels has been shown to increase insect
herbivory (Vince et al., 1981). Experimental fertilization can differentially affect biogenic soil
formation and, consequently, soil elevation trajectories across geomorphic settings of
mangrove forests in mineral- and sediment-poor settings (McKee et al., 2007). Deegan
et al. (2012) found that high levels of N-enrichment led to creek bank slumping of macrotidal
saltmarshes in Northeastern USA, presumably through weakening soil structure via
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enhanced organic matter decomposition and possibly reduced belowground root and
rhizome production.
Bottom disturbance from trawling activities is particularly destructive to seagrass beds,
resulting in scars that can take decades to heal; these are the object of some restoration projects (Paling et al., 2009; van Katwijk et al., 2016). While trawling disturbance does not occur
in saltmarshes and mangroves, more intense bottom disturbances (e.g., canal dredging and
creation of aquaculture ponds) can completely alter the structure and function of these coastal
wetlands. Effects often extend beyond the boundaries of these activities as a result of altering
tidal reaches and organic matter ﬂuxes, not to mention possible nutrient enrichment and
pesticide loading often associated with discharges from aquaculture practices.
Fragmentation within a particular habitat has been little studied in coastal ecosystems.
Fragmentation is a component of the placement of tidal barriers already discussed. The
loss of “between-habitat” connections may have far-reaching effects for the exchange of
larvae and the other nursery functions that many coastal wetland habitats provide (Davis
et al., 2014).
Biotic effects include invasive species and diseases. Although not all examples are documented to have been initiated by human activities, human agents may be responsible for accelerating their introduction, and stressful conditions created by eutrophication may magnify
their effects. The overharvesting of oysters in Chesapeake Bay, for example, is believed to
have completely changed the trophic dynamics of the estuary. The extent to which this has
interfered with oyster recovery, now hampered by the MSX and Dermo oyster parasites
(Harvell et al., 1999; http://hatchery.hpl.umces.edu/oysters/history/), remains an important
research question. While oyster habitat would be classiﬁed more as reef structures than a
coastal wetland type, inﬂuence of the species on sediment dynamics, biogeochemistry, and
species composition make it a keystone species.
Both native species and exotics can be aggressive invaders that rapidly change the structure
and dynamics of coastal wetlands. Phragmites australis, for example, is capable of overtaking
saltmarshes by outcompeting the shorter Spartina patens, the original dominant (Windham
and Lathrop, 1999). The aggressiveness of P. australis is attributed to the development of an
ecotype genetically dissimilar to the tamer native type (Vasquez et al., 2005). In the case of
Caulerpa taxifolia, a submerged macrophyte, clones in the Mediterranean and California
(USA) change the structure of benthic communities for both seagrasses and tidal ﬂats. This
not only interferes with ﬁshing practices and recreation but also fundamentally alters food
webs of lobsters (in California) and displaces eelgrass beds (Williams and Grosholz, 2002).
As with oyster diseases, the role of human inﬂuence on the incidence of other diseases is
uncertain. Nevertheless, it is worthwhile to reveal examples that may be facilitated by human
activity. A major loss of eelgrass beds that occurred in the 1930s has been attributed to a
fungal pathogen that caused “wasting disease” (Orth et al., 2006). This had effects over large
areas along the coasts of Europe and North America (Holmer, Chapter 13).

2.10 Tidal Wetland Metabolism and the Global Coastal Ocean Carbon Cycle
Ecosystems that comprise the coastal ocean (Fig. 1.1) play a disproportionately large role in
the overall global C cycle relative to the global area the coastal ocean occupies (Bauer et al.,
2013; Regnier et al., 2013). The combined net CO2 uptake from the atmosphere by the coastal
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ocean ecosystems is 0.45 Pg year1. The coastal ocean receives 0.45 Pg of organic carbon
year1 from rivers, buries 0.3 Pg organic carbon (OC ) year1, and exports about
0.25 Pg OC year1 to the open ocean. Tidal wetlands dominate the coastal ocean carbon
budget with a net CO2 uptake (net ecosystem production [NEP]) of 0.35 Pg year1. Of this
approximately 15%e30% is buried in wetland sediments and the remainder is exported to
adjacent tidal creeks and estuarine waters and bottoms. The allochthonous OC inputs from
rivers and tidal wetlands drive estuarine waters and bottoms toward net heterotrophy,
with NEP of about 0.2 Pg year1 (Bauer et al., 2013).
Estuarine net metabolism and the overall balance between gross primary production and
ecosystem respiration are primarily a function of the relative balance between organic matter
and inorganic nutrient loading (Hopkinson and Vallino, 1995; Smith and Hollibaugh, 1997;
Testa and Kemp, 2008; Testa et al., 2012). Watersheds typically are the primary source of inorganic nutrients (with the exception of karst estuaries like the Everglades coastal wetlands in
the United States where the ocean is the primary source), while watersheds and tidal
wetlands are the primary sources of organic matter in estuaries. Results from coupled
hydrologic/biogeochemical simulation models suggest that land use, land cover, and land
management practices are primary factors controlling long-term trends in dissolved organic
carbon (DOC) export from major river basins, while decadal and short-term variability are
more controlled by year-to-year climate variability and extreme ﬂooding events (Ren et al.,
2016). Long-term trends in inorganic nutrient runoff are also largely controlled by land use
and land use management (Yang et al., 2015). For instance, long-term trends in NO3  loading
to the Louisiana coastal zone are related most directly to fertilizer use in the Mississippi River
basin (Goolsby et al., 1997; Turner and Rabalais, 2003). Agricultural land abandonment and
reforestation generally result in reduced export of all forms of N (Yang et al., 2015).
The estuarine metabolic response to watershed-derived organic matter and nutrients is
also related to the estuarine water residence time, which in some estuaries is closely coupled
to freshwater discharge (Hopkinson and Vallino, 1995). Residence time coupled to the C:N
stoichiometry and lability of allochthonous organic matter can further control estuarine net
metabolism. Watershed- and tidal wetlandederived organic matter is much less labile than
phytoplankton or algal-derived organic matter and the C:N ratio is considerably higher as
well (e.g., 6:1 for phytoplankton and 50:1 for watershed or wetland-derived organic matter).
The turnover time of inorganic nutrients is extremely short as estuarine primary producers
are often N-limited. Turnover time of wetland or watershed-derived organic matter is
substantially longerdranging from days to years (Uhlenhopp et al., 1995). The degree to
which primary production or microbial decomposition of allochthonous organic matter is
stimulated in estuarine systems is therefore a function of the relative balance between water
residence time in the estuary and inorganic/organic turnover times. Holding the inorganic:organic loading constant, decreasing residence time pushes a system toward increased
autotrophy, whereas decreasing residence time pushes a system toward heterotrophy
(Hopkinson and Vallino, 1995). Stoichiometry also inﬂuences the metabolic balance of an
estuary. High C:N ratio organic matter, such as that derived from saltmarshes or mangroves,
regenerates relatively little inorganic nitrogen when decomposed, thus the primary production that can be supported by the regenerated N (such as by phytoplankton) is trivial
compared to the amount of organic matter decomposed (such as of saltmarsh origin).
As an example, consider that 50 units of saltmarsh organic matter decomposition releases
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50 units of CO2 and 1 unit of inorganic N. The 1 unit of inorganic N only supports 6 units of
phytoplankton C uptake. Hence the ratio of production to respiration is 6:50dvery heterotrophic. It is interesting to speculate whether there are general relationships between the relative
area of tidal wetlands (and/or seagrasses) to open waters (bays, sounds, creeks) and estuarine metabolism. Does the presence of wetlands decrease estuarine water residence time?
Does increasing wetland area linearly increase organic matter loading? Presumably, the
greater the relative area of wetlands, the greater the degree of estuarine heterotrophy.
Our understanding of tidal wetland carbon cycling has changed substantially in the past
several years with the advent of new technologies for measuring metabolism. In the past,
most budgets were developed by measuring the primary production and respiration of all
the major functional groups of either the donor system (e.g., the tidal wetland) or the
receiving system (e.g., the estuary or nearshore ocean) (Hopkinson, 1985, 1988). The balance
between production and respiration is typically small relative to either P or R (close to zero)
and statistically it may not be different from zero. Many early budgets for saltmarshes,
however, showed very high rates of primary production and considerably smaller rates for
respiration. The conclusion was that tidal wetlands exported large quantities of organic
matter (e.g., Hopkinson, 1988). Recently, scientists have been employing the eddy covariance
technique to measure primary production and respiration of large expanses of tidal wetland
(e.g., up to 1 km2). Eddy covariance directly quantiﬁes the vertical exchange of selected gases,
such as CO2 and CH4, between the ground surface (e.g., saltmarsh) and the atmosphere by
rapid, simultaneous measures of vertical air movement and gas concentration. It underestimates net ecosystem metabolism to the extent that dissolved gases and inorganic carbon
can also be exchanged laterally by tides, but it can be close. While eddy covariance measured
rates of respiration per unit area of tidal wetland have not changed substantially from
the older component methods, rates of primary production are lower, and the resultant net
metabolic balance is much smaller. For example, in the Plum Island Sound saltmarsh,
eddy covariance results (Forbrich et al., 2018) show that primary production averages about
818 gC m2 year1 and respiration averages about 650 gC m2 year1. The net ecosystem
exchange (NEEdexchange with the atmosphere onlydnot including dissolved inorganic
carbon or DOC export/import via tidal waters) is only 168 gC m2 year1. After accounting
for an OC burial at about 114 gC m2 year1, only 91 gC m2 year1 are potentially available
for export. This contrasts with budgets created in the 70s and 80s for another New England
tidal wetland, Sippewissett marsh, where net primary production was estimated at about
1400 gC m2 year1, heterotrophic respiration at 560 gC m2 year1, and NEP in excess of
840 gC m2 year1 (Hopkinson, 1988). This suggests that the organic carbon subsidy that
tidal wetlands provide for estuarine waters and bottoms is much less than previously
estimated. New global ocean carbon budgets have yet to be published that incorporate
these new ﬁndings based on eddy covariance measures of gross primary production
(GPP), R, and NEP.
Long-term deployments of the eddy covariance approach promise to greatly increase our
understanding of the overall effect of tidal ﬂooding, SLR, precipitation, and temperature on
the fate of coastal wetland primary production. Conducting these measurements over multidecadal time frames that encompass long- and short-term changes in drivers should enable
us to statistically unravel the relative contributions of each of these factors in controlling
primary production, ecosystem respiration, and the net ecosystem carbon balance of
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tidal wetlands. Examining a 4-year record of saltmarsh metabolism, Forbrich et al. (2018) showed
precipitation early in the growing season was the primary determinant of year-to-year variability
in NEE and this was primarily due to the effect of salinity (as inﬂuenced by precipitation) on
primary production, as opposed to salinity or temperature effects on respiration.

2.11 Modeling and Predictions
In view of the perennial changes in wetlands and the acceleration of these changes because
of human impacts and climate change, there is a need to obtain models that can predict the
future evolution of coastal wetlands. The models must be able to distinguish between two
evolutionary pathways, namely a “state change” in contrast to “community succession.”
Community succession repeats vegetation patterns after disturbance (the same community),
while state change leads to new patterns or new communities normally as a result of some
underlying physical change in the ecosystem (Hayden et al., 1991). Brinson et al. (1995), for
instance, showed that disturbances including sea level changes have generated state changes
in coastal communities, resulting in a zonation of adjoining upland forest, high marsh, low
marsh, and intertidal ﬂat communities. Such models need elaboration to transition from being
qualitative to being quantitative. The result should allow prediction in changes of coastal
wetlands to climate change so that adaptation strategies can be put in place.
Predictive models of the evolution of coastal wetlands are needed and remain in early
stages of meeting goals for management; this is particularly true for landscape-scale
models with multiple communities or ecosystem types. Such models need the input of oceanographers, sedimentologists, chemists, biologists, ecologists, hydrologists, pedologists,
dendrologists, entomologists, and geneticists. Clearly models to be successful and practical
must avoid getting bogged down in details while recognizing that the system is complex
and intrinsically biogeomorphic with equally important and connected biological, chemical,
and physical components. Understanding the functioning of coastal wetland ecosystems
depends both on the collection of good long-term sets of real-time data on the levels and
ﬂuxes of each of the signiﬁcant plant nutrients and on the development of functional models
of the magnitude and direction of all major organic and inorganic material ﬂuxes. Cumulative effects on coastal wetlands are very difﬁcult to predict. Much has already been revealed
by various models; these have, among many ﬁndings, revealed the seasonal and interannual
variations in these ﬂuxes. In view of global climatic change, the baseline of environmental
parameters (i.e., extreme climatic conditions) is changing. As a result, the adequacy of the
existing data sets on coastal wetlands to address climate change needs to be re-examined.
Thus, the problem of a shifting database of climate, a key problem for humanity in planning
a reliable water supply (Kundzewicz et al., 2008; Milly et al., 2008), applies equally forcefully
to the survival of coastal ecosystems. Models should also consider the interaction between
adjoining coastal wetlands, such as between mangroves and seagrass, or saltmarshes and
seagrass, or mangroves and saltmarshes, as these frequently coexist side by side, though
very rarely are intermixed.
Scientists may choose to study pristine coastal wetlands to understand and quantify the dominant processes shaping the ecosystem. They then hope to apply this knowledge to quantify the
human impact in other wetlands. However, we are rapidly losing our scientiﬁc control sites
because pristine coastal wetlands are increasingly a rarity worldwide (Mcowen et al., 2017)
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Scott Hagen and colleagues (Alizad et al., 2016a;b) studied tidal wetland response to
SLR and sediment supply using coupled hydrodynamic/ecological models with sediment
transport. They modeled drowning of saltmarshes, saltwater intrusion and conversion of
tidal freshwater marsh to brackish or saline marsh, and transgression of marshes into
uplands. They found substantial differences in marsh response to increased sea level that
reﬂected differences in sediment availability. They found tipping points in marsh response,
where marsh macrophyte biomass and stem density actually increased up to a certain rate
of SLR and beyond that biomass declined, accretion decreased, and ultimately the marsh
drowned. The models were useful in helping to assess the complex spatial dynamics of
saltmarshes over time as the rate of SLR increased.
In the Mississippi River delta of coastal Louisiana, coastal models based on detailed
sediment diversion modeling and marsh development have been used to predict the future
extent of tidal wetlands. This modeling effort resulted in the development of the $50 billion
Louisiana Master Plan 2017, which is a state plan to save coastal Louisiana, its people, and its
economy (see http://coastal.la.gov/our-plan/2017-coastal-master-plan/).

3. HUMAN HEALTH AND COASTAL WETLAND
SOCIOECONOMICS
Coastal wetlands provide numerous ecosystem services to humanity. They protect the coast
against erosion and guard against loss of capital infrastructure and human lives. They are habitats that support seasonal or perennial ﬁsheries and are vital for migratory and resident birds.
In addition, they provide ecological services that have socioeconomic beneﬁts to the human
population, including, according to location, fuel, forage, building material, timber, ﬁsheries,
and protection of commercial, recreational, and naval vessels (Williams et al., 2007).
Mangroves provide another important ecosystem service to the population living in the
hinterland, by sheltering it from storm winds, and capturing salt spray (Fig. 1.25), thus
improving crop production in arid coastal areas (Wolanski and Elliott, 2015).
Throughout history, coastal wetland management, in most countries in the world, has
been a failure. The failure has led to the destruction and degradation of these ecosystems,
resulting in the loss for humanity of the ecosystem services they provide and to a lowering
of the human quality of life (Millennium Ecosystem Assessment reports; http://www.
millenniumassessment.org/en/index.aspx; Frayer et al., 1983; Duarte, 2002; Hily et al.,
2003; Bernier et al., 2006; Duke et al., 2007; Wolanski and Elliott, 2015). Destruction of
coastal wetlands is often the result of management for other goals (e.g., ﬂood control in
the Mississippi River, which has prevented river sediments from being deposited within
the tidal wetlands), which do not consider the effects on tidal wetlands. However, there
are other examples from within the Mississippi River deltaic plain where management was
directed speciﬁcally at protecting tidal wetlands, such as putting in weirs and installing small
levees along marsh shorelines. Again, the result led to the destruction of the tidal wetlands,
which require regular ﬂooding and drying to trap sediment and build soil strength. The
levees prevent regular tidal ﬂooding thereby limiting the input of sediments from tidal ﬂoodwaters. The undesired outcome was increased wetland subsidence, decreased wetland
biomass, and general marsh erosion and drowning.
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FIGURE 1.25 Sketch of the trajectory of the landward wind facing a mangrove belt and the fate of salt particles in
suspension. The wind slows down as the air ﬂows through the mangroves, the bulk of the ﬂow is deﬂected upward
over the vegetation, and a turbulent wake forms behind the trees. Down arrows indicate deposition of salt particles.
SSC, suspended salt concentration. Redrawn from Wolanski, E., 2007. Protective functions of coastal forests and trees against
natural hazards. In: S. Braatz, S. Fortuna, J. Broadhead, R. Leslie, R. (Ed.), Coastal Protection in the Aftermath of the Indian
Ocean Tsunami. What Role for Forests and Trees? FAO, Bangkok. 157e179.

Scientists could help in the preservation of coastal wetlands by ﬁnding ways to more
effectively communicate with stakeholders, managers, and policy-makers (Pielke, 2007).
Communication is difﬁcult because of the multitude of stakeholders in coastal wetlands
and fragmented governance. Communication of coastal wetlands science results and their
implications for humanity could be improved by quantifying the economic value of
ecosystem services. This is very much an emerging science and there have been several
attempts to do that (see, for example, Costanza et al., 1997 for wetland ecosystems in general;
Balmford et al., 2002, for the case of tropical rainforests, mangroves, wetlands, and coral reefs;
Barbier et al., 2008, for the case of mangroves; van den Belt and Costanza, 2011, for the case of
estuaries without, however, separating the various components of the estuary such as its
wetlands). As Barbier shows in Chapter 27 shows, the core of the wetland loss problem is
the failure to consider the various values or beneﬁts provided by coastal wetlands when
deciding on their current and future development and use. Wetland ecosystems are even
more undervalued if they are already degraded and thus have lost their capacity to generate
goods and services (Valiela and Fox, 2008). Failing to account for the full range of ecosystem
services can often lead to overexploitation of coastal wetlands and their deterioration
(Ghermandi et al., 2011). This problem is exacerbated when using linear economics (i.e., as
a linear interaction between productionde.g., labor, land, built, and ﬁnancial capitaldand
consumptionde.g., individual utility and social welfare) that fails to distinguish between
desirable and undesirable economic activities (de Groot, 2011), as well as when managing
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single aspects of coastal ecosystems independently of others (Ghermandi et al., 2011). Even if
the socioeconomic services of coastal wetlands were fully quantiﬁed and communicated,
it does not mean that these wetlands will be preserved when job-producing development
opportunities arise. This, and economic forces operating at global scales, may be the principal
causes for the ongoing wetland loss worldwide.
There is an urgent need to quantify the socioeconomic value of coastal wetlands because
they may be perceived as a threat to people as they are a breeding ground for mosquitoes
that transmit diseases to humans (Dale and Knight, 2008). Some such diseases can be lifethreatening such as malaria, yellow fever, dengue, and forms of encephalitis. Other diseases
are debilitating such as Ross River virus and West Nile virus, though these diseases
occasionally also can be lethal. The link between coastal wetlands (both fresh and saline)
and mosquitoes is undeniable. The saltwater mosquito Aedes vigilax (Fig. 1.26A) breeds
in mangroves (Knight, 2008). Eggs are laid on most substrates, eggs mature under dry
conditions (no tidal ﬂooding) in as few as 3 days, eggs hatch when they are ﬂooded
by the tides, and the larvae develop in small water holes that occur in localized areas of
poorly ﬂushed mangroves. When the mosquitoes emerge, they may ﬂy many kilometers.
For combating this mosquito, it may be sufﬁcient to increase the drainage pattern to avoid
slow-ﬂowing or stagnant waters (Dale and Knight, 2006); this requires careful engineering

(A)

(B)

(C)

FIGURE 1.26 Disease-carrying mosquito species include (A) Aedes vigilax, (B) Aedes Coquillettidia linealis, and (C)
Aedes Culex annulirostris. Courtesy of Stephen Doggett, Westmead Hospital, Australia.
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to avoid creating acid sulfate soils. There are a number of disease-carrying mosquito species
(Fig. 1.26AeC) and the management strategy to combat them in coastal wetlands varies
from species to species because of their different breeding strategies. For instance, to control
the saltmarsh mosquitoes Ochlerotatus taeniorhynchus and Ochlerotatus sollicitans, which do
not lay their eggs on standing water, impoundments can be built with earthen dikes in saltmarsh or mangroves and kept ﬂooded during the breeding season to prevent oviposition.
The rest of the time the impoundment should be open through culverts in the dikes to allow
access by estuarine plankton communities and ﬁsh (Rey et al., 1991; Brockmeyer et al.,
1997). Mosquitoes can thus be managed without having to use pesticides.
There is clearly a need for mosquito-control managers and wetland managers to communicate and integrate their efforts to sustain both wetland functions and human health. A
variety of chemical, biological, and physical methods is possible (Dale, 1994; White and
Beumer, 1997; Dale and Knight, 2008; Wolanski and Elliott, 2015). Physical control methods
that minimize the conditions favorable for breeding include modifying the hydrology by constructing runnels to connect depressions with tidal exchange, and this has been successful in
saltmarshes. Historically, physical methods to control mosquitoes were very destructive of
the coastal wetlands (i.e., ﬁlling or impounding) but they are increasingly discarded because
of their destructive impact on ﬂora and fauna. Biological control methods include introducing
ﬁsh and larval predators (White and Beumer, 1997). Historically DDT was the preferred
chemical to control mosquitoes; because of its impact on the environment, it has been
replaced in many (but not all) countries by mosquito larvicides, including methoprene and
temephos and Bacillus thuringiensis (EPA, 2002). Complete larval control of Anopheline and
Culicine mosquitoes can be achieved using the mosquito larvicide Vectobac GR (Djenontin
et al., 2014). Another less costly but proven method is to use mosquito-eating ﬁsh such
as the guppy, as was demonstrated by Kusumawathie et al. (2008) in Sri Lanka. The
cost of various mosquito control methods can be readily evaluated using the method of
Dale et al. (2018).
Wetlands have often been blamed by the public for the proliferation of Vibrio cholerae, the
etiological agent of cholera that, despite progress in medicine, still exists in at least 38 countries in 2016, and improvement over 90 countries a decade earlier (WHO, 1998; http://www.
who.int/gho/epidemic_diseases/cholera/cases_text/en/). The combination of a brackish
wetland environment, rich in organic matter and with a high density of human population,
represents ideal conditions for Vibrio cholerae. Although the high human density near some
wetlands ampliﬁes the transmission, it may not be its primary cause because V. cholerae is
part of the autochthonous ﬂora of brackish and estuarine environments (Constantin de
Magny et al., 2011). Cholera epidemics can also be linked to plankton blooms, rise in temperature, and El Niño Southern Oscillation. Outbreaks can occur after natural disasters (Colwell,
1996; Neogi et al., 2014). These additional links may explain why the disease is established
along the Bay of Bengal and not along the Amazonia coast, even though human and wetland
settings in these two regions are similar (OCHA, 2007; R. Lara, pers. com. IADO, Argentina).
Climate change may exacerbate the problem of mosquito-borne diseases (WHO, 2000).
Increased temperature may speed up the development time for mosquitoes and pathogen
cycles. This may extend their distribution to higher latitudes so that presently cooler wetlands
may become mosquito-vectored disease habitats. Some infectious diseases, such as malaria,
yellow fever, and dengue, are believed to be associated mainly with wetland conditions.
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Dengue and yellow fever were common from the 17th century onward in the United States,
with yellow fever killing tens of thousands of people as far north as New York City (Reiter,
1996). Temperature and favorable habitat for vectors may be a necessary but not sufﬁcient
condition for disease prevalence in human populations. Public health practices and lifestyles
have a greater inﬂuence on the spread of diseases than the temperature tolerance of their
vectors (Marshall, 1997). Increased incidence of West Nile virus in recent years (Bourgeade
and Marchou, 2003) is apparently unrelated to changes in temperature. In a worst-case
scenario, the melting of permafrost in northern latitudes would be likely to create larger areas
suitable for mosquitoes.
Coastal wetlands ecosystems are important not only for their ecosystem services and
values but also as a key component of the total ecosystem composed of the river basin, the
river, the estuary, and coastal waters. Thus, for human needs, an ecohydrology approach
could integrate management across ecosystem types (Wolanski and Elliott, 2015). We have
not found examples in the world of such an approach being implemented, or if they do occur,
we have not found outcomes of their success or failure widely communicated. Instead, we
have found management regulated by social and political boundaries that often ignore the
realities of the watershed geography and hydrology or by humanity’s historical habits of
managing individual users (water resources, water supply, irrigation, hydroelectricity,
forestry, farming, and ﬁsheries) without integration. We have found that this type of management invariably leads to environmental degradation and the loss of ecosystem services.
A new approach could use an ecohydrology (i.e., holistic) management strategy.
The restoration of functional coastal wetlands is a combination of evolving multidisciplinary science and engineering practices based on analysis of past failures and success.
The aim is to restore degraded coastal wetlands to have many of the same functions and
ecosystem services, if not all, of natural wetlands. Some success has been achieved, but not
more than 50% or so of documented case studies, for saltmarsh and tidal freshwater wetlands, in part because hydrology (i.e., sea level and tides) is predictable and practices have
been ongoing for decades Baldwin et al., Chapter 22 and Broom et al., Chapter 25. However,
there are still a number of failures for a number of reasons, such as coastal sediment being
imported by the currents into the created wetlands and rapidly ﬁlling up the system to an
elevation rarely ﬂooded by the tides (Elliott et al., 2016). Success has been even less for mangroves but is improving, although it is costly and the prevalence of monoculture in practice
does not necessarily beneﬁt the ecology (Asaeda et al., 2016; Lewis et al., Chapter 24). The
reasons for failure of coastal wetland restoration vary from site to site. Failures can be as
simple as restoring incorrectly the hydrology (Fig. 1.21C), or coastal sediment being advected
into the wetlands and rapidly ﬁlling up the system to an elevation rarely ﬂooded by the tides,
or the weight of mats of algae physically bringing down emerging plants and seedlings
(Fig. 1.21D), or simply planting the wrong species at the wrong places (Elliott et al., 2016;
Primavera and Estaban, 2008). Other reasons for failures can be more complex and involve
the unintended interaction between a number of ecological processes and/or invasive
species. Restoring coastal wetlands in sites exposed to high wave energy remains a challenge.
Often, a temporary form of shoreline armoring is engineered (e.g., using bamboo curtains as
in Fig. 1.21E or seawalls as in Fig. 1.21F) and installed to enable the establishment of wetland
vegetation against wave and erosion until it is developed enough to be able to survive and
attenuate waves alone. For seagrass, success is even less but is improving, though the size
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and location of projects are greatly constrained by high costs and appropriate environmental
conditions (van Katwijk et al., 2016).

4. COASTAL WETLANDS ARE ESSENTIAL FOR OUR
QUALITY OF LIFE
It may be unrealistic to imagine that humanity would act to preserve and cherish coastal
wetlands simply because they are beautiful, but recent research suggests that nature’s
intrinsic beauty may be an important factor (Bekessy et al., 2018). As editors, we recognize
that science alone, regardless of how compelling the evidence, is unlikely to motivate societies
to protect coastal wetlands at the expense of numerous competing short-term gains. The environmental movement is not only facilitated by necessity based on the science but also by a
sense of beauty that is vital for maintaining the quality of life of the human population
(Bekessy et al., 2018). The human need for beauty should not be underestimated as a prime
factor in the preservation of coastal wetlands (Dorst, 1965; translated from French):
Nature will only be preserved if man loves it a little, simply because it is beautiful, and because we need
beauty whatever is the form we are sensitive to as a result of our culture and intellectual formation. Indeed this
is an integral part of the human soul

Coastal wetlands offer spectacular landscapes for humanity to enjoy (Fig. 1.27). Intangibles
such as existence value relate to some of the more popular images of coastal wetlands
including birds and other charismatic wildlife. Coastal wetlands are becoming increasingly
important as a refuge to charismatic wildlife (Figs. 1.28 and 1.29) faced with the human
coastal squeeze. Thus, coastal wetlands are increasingly becoming the last remaining coastal
biodiversity hotspots worldwide. At less disturbed sites, large, charismatic animals still freely
migrate between the land and the coastal wetlands, such as along the Arctic coast (Fig. 1.30).

5. BLUE CARBON AND HUMAN WELL-BEING
In the past decade, interest in tidal wetlands has increased greatly with the realization that
these systems play a signiﬁcant role in sequestering atmospheric CO2 and that rising levels of
CO2 in the atmosphere (because of anthropogenic activities such as fossil fuel combustion
and deforestation) are contributing to climate change and SLR (Nellemann et al., 2009b,
Serrano et al., Chapter 28). The sequestration of atmospheric CO2 by tidal wetlands is because
of the accumulation and burial of organic carbon in their sediments (Hopkinson, 2018).
Organic carbon accumulates and is buried in tidal wetlands as sediments settle on the marsh
surface at a rate proportional to SLR. Sediment deposition on the marsh surface is often the
primary mechanism whereby marshes keep up with SLR. In sediment-poor regions, the accumulation of dead belowground parts of plants is the primary mechanism of marsh elevation
gain (Cahoon et al., 2009). Regardless, the primary source of organic matter that accumulates
over time and becomes buried is root and rhizome tissues that escape decomposition in the
anaerobic, poorly drained tidal wetland soils. Collectively the tidal wetlands that accumulate
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(A)

(B)

FIGURE 1.27

Coastal wetlands offer spectacular landscapes such as (A) the mangrove-fringed Hinchinbrook
channel, Australia, and (B) the salt marshes of the Virginia Coast Reserve, USA. (A) Courtesy of H. Yorkston.

and bury organic carbon are called blue carbon ecosystems and the organic carbon that
accumulates in their soils over time is called blue carbon (Windham-Myers et al., 2018).
Blue carbon sequestration worldwide is calculated as the product of the areal extent of
these systems, the organic carbon density of blue carbon sediments, and the accretion rate
of the wetland sediment surface. Blue carbon sequestration is estimated between 65 and
215 Tg OC year1 (Hopkinson et al., 2012). Lack of precision in estimates of the global
areal extent of these systems and variability in organic carbon density of wetland sediments are the factors contributing to the wide range in sequestration rates. For instance,
estimates of the areal extent of seagrasses range from 177,000 (Green and Short, 2003)
to 600,000 km2 (van Katwijk et al., 2016). For saltmarshes, estimates of areal extent vary
by a factor of two.
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(D)

FIGURE 1.28 Charismatic wildlife found in coastal wetlands include (A) chimpanzee (Conkouati mangrove
reserve, Congo-Brazzaville), (B) crab-eating Macaque in Rhizophora apiculata mangroves (Ranong, Thailand),
(C) dugong in seagrass along the Queensland coast, (D) mudskipper and saltwater crocodile (Queensland mangroves), (E) red colobus (Chwaka Bay, Zanzibar), (F) spotted deer (Sundarban, Bangladesh), (G) Sundarban tiger
(Bangladesh), and (H) hippopotamus (Wami Estuary, Tanzania). (A) Courtesy of S. Thomas. (B) Courtesy of N. Duke. (C)
Courtesy of J. Freund and S. Freund. (D) Courtesy of M. Read. (E) Courtesy of Farhat Mbarouk. (F) Courtesy of P. Dyas. (G)
Courtesy of P. Dyas. (H) Courtesy of H. Kiwango.
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FIGURE 1.28 cont’d

Tidal wetlands and seagrasses are some of the most threatened ecosystems in the world
and their loss or declines in performance could impact not only the annual rate of blue carbon
sequestration but also the fate of organic carbon stores that have accumulated over the
past several thousand years (Chmura et al., 2003). Canals, wetland reclamation, sediment
starvation from dams and diversion, and conversion to other land uses are the primary
drivers of change in the United States. Worldwide, mangrove loss due to reclamation is
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(A)

(B)

(C)

FIGURE 1.29 Coastal wetlands support an enormous diversity of resident and migratory birds including
(A) snow geese, often found in large ﬂocks on coastal wetlands where they raise their broods (Alaska, USA),
(B) heron (Cedar Key, Florida, USA), (C) yellow-billed storks (Wami Estuary, Tanzania), (D) ﬁsh eagle (Congo Estuary, Angola), (E) lesser ﬂamingoes (Wami Estuary, Tanzania), (F) diverse shorebirds (Mai Po, Hong Kong), (G)
20,000 waders (mainly knot, dunlin, short-billed dowitcher, and semipalmated sandpiper in the foreground with a
few laughing gulls in the background) feeding on horseshoe crab eggs (Delaware Bay, USA), and (H) a ﬂock of knots
and oystercatchers over the Wash (UK). (A) Courtesy of W. Streever. (C) Courtesy of H. Kiwango. (G) Courtesy of N. Clark.
(H) Courtesy of N. Davidson.

expanding at greater rates than that for saltmarshes. Giri et al. (2008) report that major causes
of deforestation are agriculture (81%), aquaculture (12%), and urban development (2%).
Mangroves are cut heavily in certain parts of the world for charcoal production and diked
for ﬁsh farming in many other regions. Seagrasses are also being lost at high rates but
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(G)

(H)

FIGURE 1.29 cont’d

primarily because of N-enrichment leading to eutrophication and the resultant loss in water
clarity because of increased turbidity (phytoplankton and suspended sediments) (Holmer,
Chapter 13).
Decreased river export of sediments, climate change, and SLR are three additional factors
that will affect the ability of tidal wetlands to continue to sequester CO2 (Weston, 2013;
Hopkinson et al., 2012). These factors can affect sequestration in multiple ways through
affecting their (1) areal extent, (2) organic carbon density, and (3) vertical rates of accumulation.
Worldwide, there has been a decrease in river sediment load that is the result of agricultural
abandonment and reforestation, better land management (e.g., contour plowing), and
damming of rivers (Milliman and Syvitski, 1992; Syvitski et al., 2005a,b). Sediment supply to
estuaries controls the rate of bay bottom ﬁlling and marsh progradation. Sediment deposition
onto the tidal wetland surface contributes to elevation gain and the ability of wetlands to
maintain elevation relative to SLR (Cahoon et al., 2009).
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FIGURE 1.30

American and Canadian Arctic coastal wetlands are probably among the least human-impacted
coastal wetland areas of the world. Large charismatic wildlife such as (A) caribou (Alaska) can move back and
forth between inland and coastal wetlands, and (B) polar bears (James Bay, Canada) use coastal wetlands during the
summer when the sea ice has melted. (A) Courtesy of W. Streever. (B) Courtesy of R.I.G. Morrison.

Climate change inﬂuences CO2 sequestration through its control over biological processes,
including primary production and organic matter decomposition. The organic carbon buried
in wetland sediments is primarily because of the accumulation of root and rhizome material
that does not decompose (i.e., tidal wetland NEP). Changing temperature and salinity
(controlled by the balance of freshwater supply from rivers, precipitation, and evaporation)
directly inﬂuence rates of primary production and organic matter decomposition. The relative susceptibility of production and decomposition to changes in temperature and salinity
is an active area of current research. Theoretically, respiration should be enhanced to a greater
degree by a unit increase in temperature than primary production, as the activation energy is
greater for respiration (Yvon-Durocher et al., 2010). Thus, global warming should lead to less
organic carbon remaining for burial. However, ﬁeld results from different studies often
contrast with theoretical predictions. A decline in organic matter accumulation and its role
in marsh elevation gain in a New England saltmarsh was attributed to an increase in water
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temperature over the past 30 years (Carey et al., 2017). In contrast, mangrove soil carbon
density and OC accumulation were unrelated to temperature rise. At the same time, however,
mangrove productivity and biomass increased in response to rising temperature, at least near
the cold-temperature limits of their growth, where they typically transition into saltmarshes
(Feher et al., 2017).
SLR will inﬂuence the ability of tidal wetlands to continue to sequester CO2. The great
expanse of wetlands we see today is largely the result of geomorphic processes that played
out over the past 4000 to 6000 years, with the onset of the Holocene deceleration of SLR
(Fig. 1.4B and C) (Redﬁeld, 1965; Donnelly, 2006). Ocean volume remained nearly constant
since about 2500 years ago at rates less than 0.4e0.6 mm year1 (Kemp et al., 2011; Lambeck
et al., 2014). Slow rates of SLR enabled sediment inputs to inﬁll shallow bay bottoms and
for wetlands to prograde outward into areas reaching MSL in elevation and it enabled existing
wetlands to gain elevation through sediment deposition and accretion (as well as organic
carbon accumulation of undecomposed roots and rhizomes). However, rates of SLR increased
suddenly between 1865 and 1892 to about 2.1 mm year1 (Fig. 1.31) (Kemp et al., 2011;
Lambeck et al., 2014). Rates are now about 3.2 mm year1 (Rahmstorf et al., 2012). Sea level
is projected to increase by up to 2 m by 2100 based on high CO2 emission scenarios
(Fig. 1.31) (Walsh et al., 2014; Sweet et al., 2017). SLR can affect tidal wetland CO2 sequestration
through its combined effects on areal extent, organic carbon density, and vertical accretion rate.
Coupled hydrodynamic, geomorphic, and ecological models are becoming increasingly
sophisticated and have become critical tools for predicting the fate of tidal wetlands, their

FIGURE 1.31 Sea level since 1700 and projected through the 21st century. For the past proxy data are shown in
blue and tide gage data in purple. Future sea levels are based on IPCC projections for high emissions (red) and very
low emissions (blue). From Church, A., et al. 2013. Sea level change. In: Stocker, T., Qin, D., Plattner, G., Tignor, M., Allen,
S., Boschung, J., Nauels, A., Xia, Y., Bex, V., Midgley, P. (Eds.), Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC). Cambridge University Press, Cambridge, UK, IPCC AR5 Fig. 13.27, page 1204.
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rate of CO2 sequestration, and for guiding coastal management primarily for protecting
human populations and their economies (see, for example, the $50 billion 2017 Louisiana
Coastal Master Plan). Models are addressing the issue of blue carbon sequestration in multiple ways: areal extent both in terms of horizontal expansion across uplands (transgression),
through horizontal contraction through tidal wetland shoreline erosion, and through vertical
elevation gain and organic carbon burial.
As SLRs and uplands ﬂood, terrestrial vegetation will become stressed and die, and
wetland vegetation will invade (Fig. 1.32). In terms of blue carbon, wetland transgression
will need to be examined and modeled in terms of how upland productivity and existing
above- and belowground OC stocks change during the onset and completion of wetland
invasion. Blue carbon associated with the transgressing wetlands will also have to be examined as the production and organic carbon accumulation of the invading vegetation will be
considerably lower in the stressful conditions at the upland-wetland ecotone. The potential
increase in areal extent will reﬂect the slope of the upland-estuarine shoreline and the rate
of SLR (Kirwan et al., 2016). Estimates are that tidal wetlands could increase in area by
38.7  103 km2 with 2 m of SLR in the United States, which is considerably more than the
current 21.7  103 km2. In Chesapeake Bay, on the east coast of the United States, about
400 km2 of uplands were transgressed by tidal marshes since the rate of SLR accelerated in
the late 1800s. This represents about a third of all current tidal wetlands in this system
(Schieder et al., 2017). A critical social question will also have to be addressed to accurately
predict transgressiondwill current land owners armor their coastline to prevent ﬂooding?
Shoreline armoring is quite extensive in the United States (14% of total coastline), especially
adjacent to developed urban lands (Gittman et al., 2015).
The fate of existing tidal wetlands is largely controlled by the relative availability of
sediment and the rate of SLR (Fig. 1.33). As rates of SLR accelerate and sediment becomes

FIGURE 1.32 An example of marsh transgression into upland forest. This photo demonstrates the saltwater and
tidal ﬂooding stress on upland vegetation resulting in its death and the migration of salt marsh vegetation, including
Spartina alterniﬂora, Juncus roemerianus, and Sarcocornia virginica into the former upland forest. Photo courtesy Karen
Sundberg, Univ. South Carolina, Georgetown, SC USA.
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FIGURE 1.33 The relation between the rate of sea level rise (SLR), sediment supply, and marsh areal extent.
Marsh expansion or progradation is only possible within a given range of SLR and sediment supply conditions,
otherwise tidal wetland. From Fagherazzi, S., Mariotti, G., Wiberg, P., McGlathery, K., 2013. Marsh collapse does not require
sea level rise. Oceanography 26, 70e77 e Fig. 4, page 74.

FIGURE 1.34

Shoreline erosion of the tidal marsh adjacent to Plum Island Sound, Massachusetts, USA. Photo
courtesy Sergio Fagherazzi, Boston University, Boston, MA USA.

increasingly scarce, wetlands will transition from prograding to eroding (Fagherazzi et al.,
2013) (Fig. 1.34), especially in microtidal systems (Kirwan et al., 2010). Tidal ﬂats play a
critical role in controlling wetland shoreline erosion (Mariotti and Fagherazzi, 2012, 2013).
The effect of SLR is to increase tidal ﬂat erosion, which will deepen them. Deepening
increases water depth, however, so a positive feedback is established. Increased tidal ﬂat
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FIGURE 1.35 The relation between the relative rate of sea level rise and tidal ﬂat depth on the erosion of tidal
wetland shorelines. Both the rate of sea level rise and sediment availability inﬂuence tidal ﬂat depth. RSLR, relative
sea level rise. From Mariotti, G.Fagherazzi, S., Wiberg, P., McGlathery, K., Carmiello, L.,Deﬁna, A., 2010. Inﬂuence of storm
surges and sea level on shallow tidal basin erosive processes. Journal of Geophysical Research 115, C11012 e Fig. 14, page 15.

depth will lead to increased wave energy hitting the tidal ﬂat-wetland boundary; hence
wetland shoreline erosion will also increase. Here a negative feedback enters the equation,
as erosion contributes sediment to the water column, which could decrease tidal ﬂat depth
if eroded sediment deposits there (Fig. 1.35). The fate of the marshes depends on the relative
strength of the two feedback. If tidal ﬂat erosion is greater than the increased sediment
deposition, then there is an overall positive feedback in effect and marsh shoreline erosion
will increase until all marshes disappear (Fig. 1.35). In the Plum Island Sound estuary in
the northeastern United States, the rate of SLR and sediment availability has reached the
critical point, and marsh shoreline erosion is accelerating (Leonardi and Fagherazzi, 2014,
2015). Interestingly, the sediment made available from shoreline erosion now contributes
30% of the annual mineral sediment required for the marsh to keep up with the recent rate
of SLR (Hopkinson et al., 2018). Thus, the erosion of the marsh edge is helping to save the
interior marsh platform. However, this process cannot last forever. It could be that the
short-term resilience of the marsh platform at Plum Island is at the long-term expense of tidal
ﬂats and the marsh (Mariotti and Carr, 2014).
A more complex set of factors controls the vertical elevation gain of tidal wetlands and the
magnitude of blue carbon burial per unit area (Fig. 1.36). All models show a positive relationship between sediment availability and the likelihood of tidal wetlands maintaining elevation
relative to SLR (Kirwan et al., 2010; Fagherazzi et al., 2012). Net organic matter production
(NEP) also plays into the equation of elevation gain, and the interaction between sediment
availability and organic carbon preservation is an active research area. Wetland plants
play a critical role in not only contributing organic matter belowground, which can increase
overall elevation, but also in enhancing sediment accretion by slowing down water ﬂow over
the wetland surface. The extent to which they trap sediments is related to their aboveground
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FIGURE 1.36 Conceptual model showing the major processes contributing to tidal wetland elevation gain and
the effects of sea level and warming. From Megonigal, P., Chapman, S., Crooks, S., Dijkstra, P., Kirwan, M., Langley, A.,
2016. Impacts and effects of ocean warming on tidal marsh and tidal freshwater forest ecosystems. Pages 107e120. In: Laffoley,
D., Baxter, M. (Eds.), Explaining Ocean Warming: Causes, Scale, Effects and Consequences. Full Report. IUCN, Gland,
Switzerland. 456 p. e Fig. 3.4.2, page 109.

biomass and density, which is hyperbolically related to tidal ﬂooding depth and duration. The
marsh equilibrium model (MEMdMorris et al., 2002; Morris, 2016) describes a hyperbolic
relation between ﬂooding depth and wetland plant biomass and above- and belowground
productivity (Fig. 1.37). Productivity and biomass are optimal at an intermediate level of
ﬂooding and reduced at higher and lower levels. As SLRs, plants that are above the optimal
ﬂooding depth will see an increase in biomass production. Increased biomass promotes
sediment deposition, which enhances elevation gain (Fig. 1.37). At the optimal ﬂooding depth,
root and rhizome production is maximized. Although the fate of the belowground production
is an area of active research, models often allocate a certain percentage of belowground
production to a very recalcitrant lignocellulosic material that decomposes very slowly (Morris,
2016; Kirwan et al., 2016). Enhanced surface deposition leads to enhanced rates of burial,
which reduces decay of the recalcitrant material, further contributing to elevation gain.
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FIGURE 1.37 Left: Hyperbolic response of marsh biomass production to ﬂooding depth as determined by plants
grown in pipes held at various elevations in the macrotidal Plum Island Sound estuary, Massachusetts, MA USA.
Right: Effect of marsh plant biomass and ﬂooding depth on marsh surface sediment accretion. Line C shows accretion
in the absence of vegetation trapping, line B shows accretion attributable to vegetation only and line A shows the
combined total accretion. From Morris, J.T., Sundareshwar, P.V., Nietch, C., Kjerfve, B., Cahoon, D., 2002. Responses of
coastal wetlands to rising sea level. Ecology 83, 2869e2877. https://doi.org//10.1890/0012-9658(2002)083[2869:ROCWTRJ2.0.
CO:2; Morris, J.T., 2007. Ecological engineering in intertidal saltmarshes. Hydrobiologia 577, 161e168. https://doi.org/10.
1007/s10750-006-0425-4.; Morris, JT., 2016. Marsh equilibrium theory. In: 4th International Conference on Invasive Spartina, ICI-Spartina 2014. : University of Rennes Press, Rennes, France. https://doi.org//10.1007/s12237-014-9937-8. 67e71 e
Used permission of Springer Nature. modiﬁed from Figs. 1 and 2, page 164.

There is, however, a threshold where the rates of SLR and sediment nonavailability exceed
the rate at which wetlands can gain elevation. If the rate of SLR exceeds this maximum,
then the rate of elevation gain will decrease, and wetland survival will be compromised.
Long-term simulations will be required to predict the trajectory of tidal wetland blue carbon
sequestration and whether tidal wetlands will remain a net sink or a net source of
atmospheric CO2.
There have been several recent attempts to assemble mechanistic models that integrate
vertical and horizontal dimensions of tidal wetland survival and to move away from
“bathtub” approaches (Passerl et al., 2015). Kirwan et al. (2016) have coupled models of
marsh transgression, with models of wetland edge erosion and with models of vertical soil
accretion to examine how ecosystem connectivity inﬂuences tidal wetland size, the impact
of anthropogenic drivers, and anthropogenic barriers that limit transgression, e.g., armoring.
Hagen (e.g., Alizad et al., 2016a,b) has developed a spatially explicit hydro-MEM model that
his team has used to explore the effects of various rates of future SLR on marsh grass
productivity in several coastal regions of the United States. In northeastern Florida marshes,
given current suspended solids availability, it is predicted that tidal wetlands can increase
productivity and blue carbon storage with a 11 cm rise in sea level by 2050, but not a
48 cm rise by then (Alizad et al., 2016a,b). The SLR threshold for sustaining wetlands is
somewhere between 11 and 48 cm by 2050. In Apalachicola wetlands, similar results were
found, highlighting the importance of upland transgression under the highest rate of SLR
(>50 cm by 2050), which partially reversed edge erosion (Alizad et al., 2016a,b).
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With this background behind us, we now move into the crux of this second edition of
Coastal Wetlands: an integrated ecosystem approach. Chapters in the rest of this book
provide in-depth reviews of the state-of-the-science of coastal wetlands by leading scientists
from around the world.
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